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A single pulse time of flight technique has been used 
to determine the drift velocity v of the negative ions 
~ 
4 I ---11.J'"""-
injected into liquid file from a field emission source. 
I'--_/ 
Measurements of v as a function of temperature T, pressure 
; ~ A~~~ -
P an~electric field E are presented within the range: 
• -- / .-11' - :41° 
l I I - I I. (,..,' 1 . 5 5 . -1 1~ ~~ o. 29~~0. 5~~ 21 x 10 :.:~ 25 x 10 c:~, 1 1~~30Qj_~ ~-l~J~: The experimental results are in goo.-.1. agreement with 
~ ~ Landau's theory of superfluidity. The data are used to 






supercritical dissipation: by Takken, based on an assumption 
\ lJ .. 1 
of . coherent roton emission; and by Bowley ~d Sheard, based 
on the assumption of incoherent . single-roton emission. 
•" ,, 
The results are, however, shown to be in excellent agreement 
with Bowley a~ Sheard's incoherent two-roton theory, and 
the data are used to derive a numerical value of the matrix 
element character~ing two-roton emission. The surprising 
abse~ce of the single-roton emission process is discussed, 







' ' \ l I_ 
1. Introduction (/ 
~N Superf luidi ty is the most remarkable of the properties 
4 (TW" 
of liquid rte-:- The only other systems known to exhibit 
comparable behaviour are the liquid phase of the other 
stable isotope of helium, 3rie, and the electron gas in a 
superconducting metal; it is believed that the nucleonic 
fluids in a neutron star may also be sup~rfluid, but this 
is less certain because data inevitably are scanty. 
Superfluidity implies the possibility of non-dissipative 
flow of the fluid through a channel or, conversely, that 
an object may b e able to move through the stationa ry f luid 
without experiencing any viscous drag. 
At temperatures well below that of its ~uperfluid 
4t= 
transition (2.1~ at s.v.p.), which in practice usually 
4f t</ 4 
means _!.<l. °/j:.~ liquid He behaves as a superfluid in which 
there exists a dilute gas of particle-like elementary 
excitations. The superfluid has zero entropy and has zero 
viscosity, all the thermal energy of the liqui d being 
carried by the excitation gas. An object moving through 
the liquid will therefore encounter a slight resistance 
owing to its scattering of elementary excitations, but no 
resistance at all from the superfluid itself. The r e s i dua l 
drag caused by the excitation gas will, of course, fal l 
rapidly with temperaturaas the excitation density decreases. 
, By employing simple arguments based on considerations 
of the conservation of energy and momentum, Landau (1941, 
1947) was able to account for the superfluidity of 4He in \,___ __ / . 
-2-
terms of the shape of the dispersion curve for the 
rv v 
elementary excitations. As discussed in § /1/(a) below, a 
! -
fundamental prediction of his theory is that there will be 
a well-defined critical velocity above which the 
superfluidity will disappear and dissipative behaviour 
will be observed. The main objective of the present work 
was to test this prediction by measuring, as a function of 
their velocity, the drag experienced by negative ions 
·=#= 
travelling through superfluid ~.H~ below 0. ~~' and thus to 
achieve an accurate experimental determination of the 
Landau critical velocity vL,' 
"\,· .¥ -v 
In § 1 l i ( ~ ) we review very briefly the outcome of 
earlier attempts to measure the .critical velocity, and the 
reasons why they failed to yield experimental values of 
1 'l 
;!L· We discuss in § 1(£ ) the motion of negative ions 
through pressurized superfluid 4He, and we indicate why 
this particular experimental situation appeared to offer 
a unique opportunity to test both Landau's theory and the 
subsequent supercritical drag calculations of Takken (1970); 
and we describe the unexpected failure of experiments with 
these purposes in view. More recently, however, it has 
been found that field emission characteristics in 
superf luid 4He display certain anomalous features when 
pressure is applied to the liquid, and in § ~(d) we indicate 
why these phenomena seemed to ' imply the feasibility 
of the present research programme based on the use of field 
I 
emission ion sources. 
-------~ 






4, < ____J 
Landau's explanation of superfluidity in , He 
~ \\\ 
We consider, as sketched in figure 1, an 6bject of 
mass m travelling with initial velocity ~e· through a 
v' motionless fluid. Its kinetic energy can be reduced if 
it ·crea-tes in 
- UllM- -momentum ~ ~ _ , 1..,:~ ·t velocity ~ 
the fluid an excitation of energy e and 
so that it travels finally with the smaller 
In order that energy and momentum be 
















+ ~ k 
v 1 ~os \ e = s/-t1k + -fik/2m ~/ \_/ 
~ . . 
'· . 
where e is the angle between vf and 2£.· 
- , 
we conclude that 





Because cos 8 $ 1, 
Unless this condition is fulfilled it will be i mpossible 
simultaneously to satisfy the requirements for conservation 
of energy and momentum. There will cqnsequently be a 
critical initial velocity of the object 
v' = (s/.fik + -tk/2mJ,£~ ( 3) 
-4-
below which the creation of excitations, and thus the 
dissipation of its kinetic energy, cannot occur. It is 
conventionally assumed that the second term is negligible 
compared to the first (but we shall return to consider 
v 
,., 
this question in more detail in§ 4(b», so that the Landau 
' -
critical velocity, 
VLJ = (E/-i1k)~ • (4) 
,j 'l(ll_:;F 
Whether or not a given liquid will be superfluid must 
therefore depend on whether or not v i is no zero, and this iL 
in turn will depend on the form of _E(k). The thermal 
energy of ordinary liquids occurs as the kinetic energy 
of individual atoms or molecules, so that E = -k2k 2/2m and 
hence (E/hk~. '\. = o'. In superfluid helium, on the other 
I l~". . 
' _/ 
hand, it is not meaningful to refer to the kinetic energy 
of any individual atom: the thermal energy is c arried by 
elementary excitations which have the energy momentum 
relation~ shown in figure 2 (which illustrates the 
situation where the liquid is held close to its solidification 
pressure: this was always the cas e in the e xperiments to 
be described below). This curious dispersion curve, the 
form of which was originally predicted by L~ndau (~ 94i , 
;' . 
194~J and which has since been verified in numerous 
/ 
experiments, is t hus responsible for the superfluidity of 
liquid 4He in that it quite evidently determines that 
E/kk should nowhere be z~rb~ 
~ .... ~- The smallest value of o/hk clearly lies near the minimu;,1 
Jtl 'h' of the curve in the region where the excitations are known 
as rotons and where, to a ~oo~ approximation , 
---~--------·----·------------. -------. -----·-.-·--:-----------------
~@ 
,,. . E~ ,,_,(ffJ. 
1 • II. ~ 
'. (f 1. ... AJL/C' 
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and (j ' which are know~ as the Landau roton 
parameters and are weakly pressure dependent, specify 
respectively the energ~ momentum and effective mass of a 




To find (c:/Ek) . , we set 
min 
(t:/hk) = 0 
= t:/k ( 6) 
Substituting for c: from (5) we can then determine the value 
L -~ 
of k which makes c:/nk a minimum and thence,l using (4) and 
(5), we can determine v~L precisely. For most purposes, l . 
however, a simpler approach suffices. We note that (6) 
implies that ~i is spe,cif ied by the gradient 
·~ .. 
drawn from the origin to make a tangent with 
region of the curve, contacting it very close 









within 1%. Inserting experimental values of !::. and k 
\ # 0 (Donnel~y / (197i), we find that vrr = 58 Inf,3 -l at s.v.p, and 
~ · e · ~ 
vL = 46 1s -l close to the solidification pressure at 25 x 105 1\Pa. j 
Thus, at low temperatures where the drag caused by the 
scattering of thermal excitat~¥ns is negligible, which in 
practice usually means T ·.· < O. ~-!__ the drag on an object 
rt/\M ·~ - ~ '-;_. 
moving through Hf! should vary with its velocity as indicated 
in figure 3. The drag will remain zero until the critical 
velocity v~ is attained, and then dissipation will set in 
0 
- --·-- ---·-·----·- - --- "--, 
-6-
very abruptly. Similar arguments may, of course, be applied 
to the case of superf luid helium moving through a tube 
showing that, for velocities less than v~, there should be 
:_j 
no viscous resistance to flow. 
(b) Measurements of the critical velocity ----1 
A very large number of superf low experiments which 
test the predictions of Landau's theory have been carried 
out, and extensive accounts are given in the various 
------...., 
standard texts on liquid helium such as those by Wilks (~967) 
\ 
and Keller (1969). Critical velocities have indeed been 
---observed and measured for helium flowing in a wide variety 
of geometries including capillary tubes, adsorbed films and 
tightly packed powders. In every case, however, the 
experimental value of the critical velocity was orders of 
.magnitude smaller than ~~ tt.t- <; ~<'.<ll\A, -fewA~1 . Recently, 
reported critical flow 
'fy' typically being no mor~--~~an a 
Harrison ~Mendelssohn 1/;,97,4) ~"cl 
-, -1 
velocities of up to 7 m s through 
!.& - 1= 
the tiny t2~m) holes formed by etching irradiated mica, 
but even this is smaller by a factor of about eight than 
the value predicted by Landau. The low critical velocities 
observed experimentally have mostly been attributed to 
complications arising from the production of turbulence in 
the superfluid, the possible existence of which we ignored 
,,_, °1•' 
in § fl(a). A certain minimum flow velocity, dependent 
on the channel dimensions, is again required and, apparently 
because the critical velocity for the creation of 
quantiz ed vortices is much smaller than vL, the breakdown 
-7-
of superfluidity through Landau's roton creation mechanism 
has never been observed in a flow experiment. 
The other possible experimental approach is, of course, 
that depicted in figure 1 : to move an object through 
stationary superfluid. Negative and positive ions constitute 
particularly convenient objects for this purpose. 
~~~ 
readily be injected into the liquid a variety 




by application of electric fi e lds, and their arrival at an 
electrode can be observed as a pulse of current. The 
so-called ions which can exist in liguid helium are, in fact 
.(.()... 4 ..r, .r· .. ,,.,,, 
- "'*"' ,.,.,-,.1., 
semi- macroscopic objects with radii of [ J,hm\ and effective 
~· " . I- 4 . 
masses of t 100~4 , where ~4 i~ the mass of a He atom. 
Numerous investigations of ion motion in liquid 4He have 
been carried out, and have been reviewed, with extensive 
·\"'OJ ... I \ 
.__# bibliographies, by Fetter ( 979) and by Schwarz (l97S). 
~ __ .1 '-·~ 
In such experiments it has been found that, as the electric 
field is increased from zero, the drift velocity of the 
ion, which is limited by the scattering of thermal 
excitations, also at first increases; but in almost 
.co... . # 
every case, at a critical velocity of t 3°/: s-1 the bare· ion 
undergoes a transition to a charged vortex state and, 
thereafter, the velocity of the complex falls with increasing 
electric field in precisely the manner · expected of a vortex 
ring. Such experiments have been extremely rewarding and 
have led, for example, to accurate measurements of the 
quantum of circulation. Because the bare-ion to charged-
vortex-ring transition can usually be characterized by a 
-8-
critical velocity which is less than 'fL the experiments 
v ' 
have not, however, enabled any satisfactory test of Landau's 
roton emission theory to be carried out. The only exception 
seems to be in the particular case of negative ions moving 
,,...-y\ fir- ~ c through liquid helium under pressure. < . . 
(c) Motion of ne ative ions ressuri ed He rr -----1 
Meyer ~ ~eif ( 96 ) reported that the of 
negative ions in pressurid ed He II was quite different from J:_ ::::::= 
that of positive ions, or of neg4f ive ions at lower pressures, 
in that for temperatures near O. G~ it was possible to /t "'...- # # 
accelerate them to velo~it~es , of_\so-~°/Js -l This was later 
confirmed by Rayfield ( 1::_.~~6! , 3;96_5 ). He found that for 
5 5 / 
__:. > 12 x 10 P~ (10 ~ ~ 1 bar) it was possible to 
accelerate negative ions to velocities approximati4f to vtj 
' -1 he deduced that in his highest electric fields of l~V m 
the ions were approaching a limiting velocity; and he 
concluded that this apparent limiting velocity rose as the 
pressure was reduced. 
behaviour expected of 
in pressure, owing to 
The latter was precisely the 
/. 7 f/.Tj1 "'-' ) 
vL: ~/nk increases with a decrease 
./ ~·--,a.• ~hanges i~ -~he shape of the excitation 
spectrum. Unfortunately, Rayfield's experiment was at a 
:ft: ' 
temperature, o. 6/J,; where drag on the ions owing to 
excitation scattering was considerable and it was not, 
therefore, possible to be entirely sure that true critical 
velocity behaviour was b~irig observed, or to measure the 
component of the drag arising from excitation creation as 
opposed to that arising from scatterihg. 
-9-
The simple approach suggested by Landau did not, of 
course, make any prediction about the magnitude of the 
drag which would be experi enced by an object travelling 
4 
faster than vL: Landau demonstrated merely that there would 
be no drag at all from the superfluid at lower velocities 
so that, for example, any of the three curves sketched in 
figure 3 would be equally consistent with his theory. 
de ta..i le.cl 
The firsticalcula,tion of the drag on an object 
travelling at supercritical velocities seems to have been 
that by Takken ( ~97d ) , who considered roton creaton on the 
basis of a wave radiation model,· in analogy with Cerenkov 
radiation. He assumed therefore that the object would, 
as it travelled through the superfluid, be pushing at a 
point of fixed phase in a roton wave pattern. He concluded 
that an.upper bound on the velocity of. a negative ion 
would be 
v ub = v 'L ( l + 10 -16 E 2) ' ( 8 / 
oe V 4f-
. -1 
where v b "and vL 1 are in nJs and the electric field~ is 
:IF , u, "' ( ../ /'. 
in t -l ,--"'and therefore that, for realiz able electl.. - · f L ~'-·:::, 
it should be almost impossible to observe any incL.~~c in 
the ionic veloci ty beyond yL. 'l'i1 is remar !"-<'"~ e concL1S.l. iJ:.. 
appeared at the time to be in accord with Rayfield's 
experimental data. 
Attempts.by Neeper tl9~ 
repeat Rayfield's experiments 
and by Neeper ~ Meyer J:._s,'JJ 
. ~ \_--1 
at lower temperatures, whc~e 
excitation scattering could be ignored, resulted in failure . 
As their experimP-ntal chamber was cooled, · the 
---·--·-- - . - -- ···- ---.- --·--~----·~-··~·..... --- ~- -.---·-----·--......--·-----.,..... -· -- .. 
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vortex ring nucleation rate apparently increased until, 
# 
...__ at 0.3~~ only charged vortex rings could be detected at 
the collecting electrode, and no bare ions. It was 
concluded, therefore, that neither the existence of the 
critical velocity predicted by Landau, nor the validity 
of the supercritical dissipation theory proposed by Takken, 
was going to be accessible to a direct experimental 
investigation. No reason to doubt this conclusion emerged 
. ........ -...., 
until Phillips a~ Mcclintock ():_~~3) observed some 
apparently anomalous current-pressure characteristics in 
a 'field emission cell, which they attributed to the 
presence of bare ions, even at temperatures as low as 
(d) Field emission in superfluid :be~~~~~-
\4\ 
Field emission and field ioni,&ation enable comparatively 
large currents to be injected into liquid helium, and 
current sources based on the phenomena have a number of 
advantages over the radioactive sources wh i ch were almost 
univ.ersally employed in the early ion experiments. 
k«lu~ 
If a 
negative potential of a few r is applied to a sharp metal 
tip immersed in liquid helium, the~ just as in a vacuum, 
electrons are able to tunnel from the tip and proceed towards 
a collecting el~ctrode. The presence of t h e liquid, 
however, introduces a number of complications. In 
particular, gaseous charge multiplication processes can take 
place close to the emitter; ' and the velocity of the ions 
through the liquid is drastically reduced. The latter feature 
of the phenomenon leads to spacecharge-limited emission at 
---------· - ---- - -- ·-
-11-
J- ~ · ~ 
-91 
comparatively low currents [V\ 10 /~; conversely, the 
I .r 
magnitude of the emission current for a fixed emitter 
. I 
potential can provide information about fthe way in which 
~ 
the ions move through the liquid, often enabling the ionic 
mobility to be deduced. Field emission and ionisation in 
liquid 4He have been studied in some detail by Phillips 
a~McClintock (~~~). 
An observation (Phillips &' McClintocy 8 ) which 
is of special relevance to the present work relates to the 
::# 
field emission characteristics under , pressure below O. ~} 
typical examples are shown in figure 4 . We note from (a) 
...._ 
that the current rises rapidly with pressure above 
s\t u 
10 x l0 1Pa; and from (b) that the current at 
SI' .. .._, 
2S x 10 / Pa 
4# / 
is almost temperature independent below O. ~~· These 
results were consistent with an increasing proportion of 
the current being carried by bare ions, rather than by 
charged vortices, as the pressure was increased beyond 
·. Sf,~ 10 x 10 /Pa; and, furthermore, suggest that this proportion 
j # 
was not significantiy temperature depe~dent near O. ~~-
The strong implication was, notwithstanding the failu r e 
(. °"'\ ~ I I of Neeper's (196a) and Neeper a Meyers ~1969) experiments, I \__ _ _,.I 
"_./ 
that it would, after all, probably be feasible to propagate 
·4f-
bare ions through liquid 4He at 0. 315-~ at velocities up to 
vL, and thus to test Landau's (~941, 1947) and Takken's 
(1970) theories of the breakdown of superfluidity. We 
describe below some of our consequent experiments in which 
we have succeeded in measuring the drift velocities of 
negative ions drawn from a field emission current source for 
--.------ ·- . . - -- ---· .,...._.,. .., ·-- - -- - --
-12-
·ti= 
temperatures down to o .3f. Some prreliminary results o f 
this work (Phill~p~f:.. ~ Mcclintock/ ! ~~ _7,4; ; Allum, McCli n tock 
a rffe:'. Phillips 1 197'~!) have already been published. 
\ 
-13-
' .. \It' ~· 
2. Apparatus and Technigues 
/ r 
The drift velocities of the ions 
were maa.s u re d. ~ using a modified form of •the 
time-of-flight technique described by Schwarz (1972). 
This necessitated setting up a system capable of working 
under pressure, and such that suitab l e pulses of ions 
could be generated for propagation along a known length 
in the liquid helium. The basic technique is described 
('li "} 
in §/ 2 ~); and the efperimental chamber, electrical 
circuitry, and cryogenic arrangement~ employed in its 
').,. ~-
j 
practical reali£ ation are described respectively in §j /2 (b), 
( c) and (d) • 
-
(a) The single-pulse time-of-flight technique -~~---
The method is illustrated diagrammatically in figure 
5. The ionic velocity is determined by meas uring the 
transit time of a pulse of ions across a region o f uniform 
electric field, between(92 
A retarding electric field 
and iG3 , whose le~~th is ~known. 
,, klc.V1>1.1.>1)&~ 
of a few ~}is usually 
maintained between the gate grids G1 and G2 , thus 
preventing the ions emitted from the field emission source 
s from entering the drift space 9i~g3 • By· apply i ng a 
negative pulse of a few tens of volts to G the gate can, f l 
however, be opened momentarily, thus admitting a pulse of 
ions to the drift space. The ion pulse then propagates 
across G2-G3 at a characteristic velocity which will depend 




and purity of the liquid helium. Its arrival at the 
/"\ 
collecting electrode ,c ~. can be observed as a pulse of current 
whose transit time can be used to compute the velocity. 
The Frisch grid G3 is required to screen the collector from 
the influence of the approaching charge. 
In practice we have found it necessary 
to pulse the field emission s curce, rather than running it 
'J" 
in the d.c. emission mode and, because the resultant 
switching transients saturate the signal processing system, 
it has been necessary to delay the gate pulse relative to 
the start of the tip pulse as illustrated in figure ~;b\. 
The current i t seen at the collector is shown, in somewhat 
C , 
idealil ed forrrt, in the lowest diagram: the transients at 
X and Y arise from the emitter switching on and off; and those 
at ~l and ~ 2 are caused by the gate pulse. The rise in 
~ at } 3 indicates the first appearance of ions on the 
- ~o/ 
collector side of l.9·~, and _t 4 represents their arrival at @.. 
The passage of the back end of the pulse through ~ 3 occurs 
at _:i: 5 , and the last ions reach the collector at _!: 6 . The ~.,.... ' ,.,. ~ 
periods ~t 4 _(_.!: 3 ) and ~t 6 -_t 5 ) represent the transit time of 
an ion across the space between '-G3 and @. The transit time ¥'...~·· ;> 
'Tb between eg2 andS 3 , which we wish to measure, is (_:- 5-'_'.: 2 ) . 
·,-:_; The signal at the collector is usually comparable with, 
or smaller than, the ihtrinsic electrical noise of the 
system, so that some method· of signal enhancement is an 
essential feature of the single-pulse technique. In the 
present work we have employed a digital signal-averaging 
f 




(b) The experimental chamber 
The experimental chamber is illustrated in figure 6. 
Its body was formed from a copper block, drilled through 
to accept two inserts carrying the electrode system and 
a carbon resistance thermometer. The inserts were built 
on circular brass plates which could be bolted to the 
block, with indium 'g ' rings providing the required 
pressure-tight seal. 
The tip, gate grids, guard rings and Frisch grid 
were mounted on one insert; the collector on t h e other. 
Met a l components were mostly made of brass, separated by 
nylon spacers. Care was taken in designing t he a s sembly, 
to avoid large areas of exposed dielectric on wh ich charge 
might have built up, thus distorting the electric f ield. 
The grids were composed of 200 wires per i n ch nicke l mesh, 
attached to brass support rings with Aquad ag colloida l 
silver paint. It was found that , with care, a grid-to-gr id 
spading of 0.5 mm (measured at room temperat ure) was 
feasible. The tip itself was held approximately 2 mm away 
from the first grid, 311 • At this small separation, bubble 
formation around the tip could have led to arcing if operated 
at s,....  v. p.: accord i ngly, the normal setting- up procedure 
entailed applicat ion of the operating pressure of 25 x 105 Pa 
before the emitter was tested. The whole electrode assembly 
was an easy sliding fit inside a nylon tube, which was itsel f 
made to be an easy sliding fit in the hole in the copper 
block. To promote rapid thermal equilibrium throughout 
\ 
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the chamber, 1 mm diameter holes were bored in the nylon 
sleeve, allowing good thermal contact between the copper 
wall of the chamber and the helium within the electrode 
volume. 
The collector insert consisted of a brass disk 
surrounded by a brass guard ring, mounted on a nylon 
insulator. The whole was spring-mounted on its brass 
endplate, with a free movement of some 3 mm to ensure that 
during cooling a~d throughout the experiment the guard ring 
was held in firm contact with the nylon sleeve of the 
other insert: at room temperature the spacing between Frisch 
grid and collector was 0.5 mm. The same springing arrangement 
also served to ensure that the electrode stack in the other 
insert was always held under gentle compress i on. For both 
inserts, electrical connections were taken through metal-glass 
seals soft-soldered into the brass endplates. 
The chamber dimensions were obtained by measuring the 
individual components at room temperature, before assembly, 
and then applying suitable corrections for thermal contraction. 
Assuming the change in: length in cooling from room temperature 
\,,-v 
was 2% for nylon and O. 02% for brass, the length .Q, of the 
. ,c."'·· 
drift space 
1G 2 :..1@~ was calculated to be lo . 2 mm when cold. 
The possible error in this figure is thought not to exceed 
5%. 
(c) Electrical circuit 
The circuit used to provide the required d.c. electrode 
-17-
~,__cs· ~:-. 
potentials, to apply pulses to is / and G1 , and in processing IJ ..t 
the signal arriving at C, is shown in block form in figure 
The drift-space voltage was derived from a Keithley :it: 




via a decoupling RC network, to a chain of 
5 Mrt ~% metal film resistors. Mounted in the main liquid 
,/ 1. 
helium bath to reduce the number of high-tension leads into 
the cryostat, these resistors formed a divider network by 
which the tip, gate grids and guard rings could all be held 
at the correct d.c. potentials. This power supply was 
switched on only when necessary, as heating in the divider 
chain tended to cause a noticeably higher rate of evaporation 
The potential difference V across the 
vfJ.- - D 
from the helium bath. 
divider chain was measured on a Fluke 8000A digital voltmeter, 
r~·~ 
floating at the ~3 p~tential, accurate to better than ± ~ 1%, 
and supplied via a l:iOOO potential divider composed of high 
stability metal oxide ,resistors, which had been calibrated 1-J 
using a potentiometer. An accelerating d.c. field was 
established between the Frisch grid and the co l lector; and 
a retarding d.c. field was maintained between grids G1 and 
~~2 to hold the gate closed. Both these fields were supplied 
.;# . 
using 9r' dry cells. The d.c. bias on the gate was measured 
on a voltmeter floating at the gate d.c.kV otential. The 
high voltage pulses, typically 1 or 2 ~' needed to 
cause field emission from the tungsten tip were supplied 
from a pulse amplifier 
\ 
Seidman (1968), driven ~/ 
based on the design of _,;;ober~son £1 ~ 
g ~· '2-#· tJV 
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/ " ~ l,' 
I ' 
generator, and were measured on a Tektronix 45·3~. 
oscilloscope via a Tektronix ~015 1 ;~ilooo e. h. t. probe. 
The pulses to open the gate were supplied from another 
t;;' <z., 
H~214A generator, which was also coupled to the oscilloscope 
~ c;-
vi a a Tektronix P'6ol 1 :1 0 probe. The circuit's various 
time-constants were chosen to be such that the pulses 
arriving on the source and gate grid were square, and so 
that no pulses reached the drift space electrodes, during 
the flight of the ions. 
The signal arriving at the collector was earthed 
through a 100 .JP~etal film resistor, , mounted immediately 
"\'I {j'\F"-
next to the endplate. Screened and guarded leads connected 
each end of this · resistor to a ·Brookdeal 432 High Jzl 
..,.,. 
differential amplifier, which had a frequency response of 
up to 1 MHz, mounted at the top of the cryostat. The 
.i-' 
amplified signal was stored in a Datalab DLgo5 transient 
recorder, which then passed the contents of its memory at 
e; ·~ 
a lqwer speed to a Hewlett-Packard HP5480B signal averager 
for processing. After averaging an appropriate number of 
pulses (typically 32 for the larger, high- velocity pulses, 
and 2048 for the smaller, low ~velocity pulses), t he final 
\;, .. ~ 
signal was outpu~ onto a Hewlett-Packard 7004~ chart recorder, 
{~"'1, 
fitted with a Hewlett-Packard 17012B point plotter, to give 
a hard copy of the result. The transient recorder was 
usually kept on a slow (5 ms) scan until the tip switching 
transient had died away, and then switched automatically to 
a faster 
itself. 
l 4 j l'f'i<... 
timebase (500 rµ,s scan) for the velocity measurement 
\ li.t 
J • 
Typically, the gate was opened some 400 µs after 
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the tip had been activated and was held open for 80 µs; 
the ion transit time was about 200 µs, depending on the 
electric field; and the tip emission was maintained for 
about 800 1 µs in all. The 
\ 
obtained directly from the 
This cycle was re~ated at 
necessary trigger delays were l 'a~ 
two HP214A pulse generators. 
11 
about 3Hz until averaging had 
produced a signal of acceptable quality. 
(d) Cryogenics 
The chamber was mounted in a 3He cryostat of 
conventional design which enabled the ~experiment to be 
./ 4f 
cooled to a working temperature of (J~~ 2 ~K. The sample of 
4He was obtained from ~ standa~d high- ~ressure cylinder 
fitted with a regulator capable of delivering helium at 
any required pressure up to 40 x 105 Pa. The gas was 
cleaned by passing it over two liquid- nitrogen-temperature 
charcoal traps. It then pas S-ed via a o. 5 mm i. d. 
cupronickel capillary tube through the main liquid helium 
" #-
bath at 4. A~' enter; d the vacuum space, and was thermally 
anchored to the 1.0/(7., Pot. It there joined a 600 mm coil 
of 0.13 mm i.d. stainless steel capillary tube, and thence 
was admitted to the chamber. The pressure was measured 
on a Bourdon 
p ri r c~ 
to 1±'"' 0.1%. 
. ~ 
gauge (Wallace cQ.q; T iern. an type FA23 3) , accurate 
~ £ /;>(,_ 
A ~~e gas bottle was connected at the 
room temperature end of the syste·m to act as a ballast 
w-Jl 5 
volume. ..urg this system, pressures from 10 Pa up to 
the melting curve could be easily and fairly rapidly set, 
I i • 








I ~ I ~~~ 
I ~ £3 
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sequence of measurements. When pressuril'ing the chamber 
and cooling down the cryostat, the procedures used 
previously (Phillips ~ McClintock/ 1975') for the removal 
of air were followed, and no trouble was experienced 
with blockages in the capillary tubes. 
The temperature .,!_was determined by measuring the 
resistance of a nominal 470 D' Speer carbon resistor, 
,/ 
whose diameter had been reduced by grinding in order to 
conserve space. This thermometer was mounted inside the 
anode insert, in a cavity within the nylon insulator 
immediately behind the collector guard ring, and immersed 
in the sample of liquid helium~ Its resistance R was 
C1\.,, 
measured ust nfj- an 
the range 0.6 < T 
3 He, using an oil 
of the form 
a.c. bridge, and it was calibrated in 
4t 
< l .· 1{_) against the vapour pressure of 
manometer. An empirica l relation~ 
11\ I (\ L 
l j;.g R =A+ B(l~g R/T) ~ 
(/' 
was employed in fitting the calibration data, using a 
computer programrbA, which then prepared tables of temperature 
against resistance. It is estimated that the error 
::ff 
introduced by extrapolating the relation~ to 0. 3/(: ' is 
r 
some ± 20 mK at the lowest temperatures. As will be seen 
} . ' 
in § 3, the virtual temperature invariance of the higher 
' ::#=". 
velocities below O. 5/K. , made .small thermometry errors kJ ' 
relatively unimportant. 






3. ~~per imental ~ts_. ( ( 
In this section we present a selection of our experimental 
measurements of the drift velocities !, of negative ions in 
He _L!:, under the influence of an applied e~ectric field E. 
Data is presented for E ~ 300 kV 
-- .# pressure ranges 0.28 ~_! ~ 0.50~, A-:,.. 
-1 
m in the temperature 
5 ' 
20 ~ ! ~ 25 x 10 ~a. 
and 
Some representative velocity data are 
'[,,. } 
in §b(a); and a fuller set of data is 
-
given in graphical form 
tabulated in ~ndix A· 
The dependence of signal magnitudes on electric field is 
-. .-
described in ~3(b) and the accuracy of the velocity measurements 
-
is discussed in (_g) • A detailed analysis of the velocity 
.. 
data is reserved for §4. 
(a) Velocity measurements 
Some typical signals recorded by the point plotter are 
shown in figure 8. Prior to averaging, the signals could 
usuaily not be distinguished from background noise or, as in 
. 
(a), were only barely discern} ble. The averaging of a large 
number of such signals to generate a result like (b) was 
clearly essential for a high precision determination of the 
ionic velocity. Under more favourable experimental conditions, 
'I'.::."""' 
such as those of (c)-(f) where individual signals could clearly 
- -
be seen, averaging was still used in order to improve the 
precision of the measurements. In practice, v3 was adjusted 
'_/. 
so as to avoid the pulse-spreading effects associated with 




The fact that the (_:s4 : i~s) section of the signal is seldom 
flat may, at first sight, seem surprising; but there are two 
very simple reasons why such a phenomenon might have been 
anticipated. Firstly, we note that the effects of the 
gate-opening pulse applied to 911 is to reduce by _y& the 
potential difference ~o/ initially applied between ,S' and 31 , 
which would certainly result in a decrease of the total emission 
current. Secondly, it is believed (Phillips ~£ Mcclintock / / &\ 
11975) that, under d.c. conditions, the spacecharge which controls 
\, ' 
the magnitude of the emission current is composed of charged 
vorticity, even although the bulk of the current is carried by 
bare ions. It will take a finite time, after activating the 
emitter, for the equilibrium density of charged vorticity to 
become established: thus, if the gate opens d u ring this period, 
a decreasing current pulse will be admitted to the drift 
space. We believe that both these mechanisms are effective in 
determining the pulse-shapes which we observe in practice. 
The procedure used f or determining the mean velocity of 
the ions from an averaged pulse was to r_educe it as nearly as 
<:..?:- Q 
possible to the idealiz ed pulse shape discussed in §2 ;(a) and 
illustrated in figure 5~\ · From the point plotter ~:cording 
of the signal, the transient point 12 at which the gate 
switched off could be identified to within one channe l of the 
1000 - channel output from the signal averager memory, resulting 
" . 3t 
in a measurement error of ± O. 5)3~ · 
trailing edge of the ion pulse 
~------·~--·· ··- -- ·----------··-· 
Point ~5 , where the 
/\ 
~l 
-- --23- ., 
reached the Frisch grid, was found by drawing straight 
lines through the top and the trailing edge of the pulse, 
their intersection being taken as the point ~s· The 
. 
transit time of the ions across the drift space c2q3 is 
~:.... 
= ! 5-t2 , and ~he mean velocity ji =}/TD. The 
/ 
estimated error in TD arising from this procedure is 
± 0.5% of the transient time. 
f ", 
For the larger, better 
defined, pulses the total error in TD is estimated as less 
than 1%; and as less than 2~ for all the data presented 
in APpendix t\ . 
(,~ -:: .,, 
We note that the leading edge of the pulse ~3 :!4 ) 
traverses the gate region of the chamber, while the 
trailing edge does not. Thus any complications which 
occur inside the gate may affect the apparent transit time 
as determined from leading edge instruments, but not that 
obtained using the trailing edge. For this reason the 
trailing edge has been used throughout in order to 
determine the transit time of the pulse. 
\ 
i 
Schwarz (197~) has pointed out that the signal received 
I 
at the collector is modified by the detecting electronics 
due to their finite rise time, and that points on the pulse 
found by the method described above should be corrected by 
subtracting a time 0.25T where CE is the rise time of the 
e e 
J . 
detector. The rise· time of the c\~c~it used in the 
f If . 
present wo_rk was ~j~µs and, as the typical ion transit time 
\(ll. . ..if_ . 
- -tr" \ 
was t 20°/:s, such a correction would have had a negligible 
~ffect, and has therefore not been applied. 














Some typical v· (E) experimental ~ata are shown in 
.,.,..'--'-- iF 
figure 9. Results at O. 29t, for two pressures are shown 
in (a) . At the lower pressure it was found impossible 
to detect the arrival of bare ions below E ~ 120 kV m-l 
5 
although at 25 x 10 Pa pulses were sometimes clearly visible 
down to r · 1 kV m - l. We discuss this point in more detail 
1.- 1. 
in§ 31(b) / below. 
_,,., 
The influence of the temperature on the v (E) 
(~('/, k 
characteristic is shown in figure 9Lf~ ~ . As T is raised 
the change at low E becomes evident, with a much more 
---
rapid dependence of ion E than at higher fields. 
-
This 
may be attributed to the increasing importance of phonon 
. ~- I 
scattering as_!.. is increased. · Above /: 60 k t -l, the 
measured drift velocities were found to be independent of 
:tt 
! I within the experimental error I for .!. ~ 0. r~· A 
fuller set of velocity data is tabulated in ~endix ~· 
(b) Signal magnitudes ' 
·· The magnitude i - of the received signal was found to 
<""' C 
vary in a complicated manner with _§. , !:_ and~ , even although 
all other experimental parameters were kept constant. 
The circuit (figure 7) was designed in such a way that E 
could be varied Dver a wide range without affecting in any 
way the potential differences between other parts of the 
electrode system. · rrt practice, with P and T held constant, 
- -
it was found that i ~ takeri as 
.., r C 
the height of the signal at 
µ-rP !D .-· t 
1 <- ~-<~ J. (Ll - 5 I \EJ..J ~ being shown in figure 10. 
(figure4 ~~ ) ~varied rapidly with E, typic~l results 
It was difficult to obtain 
~ reliable values of i . , as 
~ - c 
a fµnction of E, for pressures 
-j 
-25-
much below 25 x 
v .Ji1r-
r' 1!r 5 . 
10 Paf he reason was that, in order to 
obtain a signal of a measurable size, it was necessary to 
increase the magnitude of the tip pulse 'J./s (figure 5) , 
_v 
causing a small but significant degradation of the 
emission tip with time and resulting in apparent hysteresis 
effects in the i (E\ data • 
../ C ';:.-! 
\j 
At 25 x 105 Pa, however, a 
relatively low value of V. could be used to provide 
..-, s/ 
'-·· 
reproducible results, such as those of figure 10, on any 
given occasion (although an apparent dependence on the 
sample of 4He was observed: see below). 
Because, in plots such as figure 10, ~. was the only 
parameter being varied and the grids, under our experimental 
conditions, could be r~garded a~ retaining their 
geometrical transparency, this behaviour must be attributed 
to field dependent events inside the drift region itself. 
The most probable explanation would seem to l i e in a field 
dependence of the vortex ring nucleation rate v : any ion 
creating a (relatively very slow) charged vortex ring will, 
effectively, be completely lost from the bare ion pulse. 
Acting on this assumption it is possible (Phillips ~ 
McClintock/ 1975) to deduce values of v from the data. 
A number of .aspects of the phenomenon are, however, 
still rather mysterious. In particular, we have found that 
the magnitude of th~ signals tends rapidly to get smaller 
( ? .• /{ 
as T is reduced, whereas ·· figure ~ l-b\ strongly suggests that 
the current from 
:It 
the tip is temperature independent below 
o. 5~ 
. A ~ 
"?, 
Furthermore, figure 'if/~\ appears to imply that we 
r· 
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should be able to observe strong bare ion, signals down at 
5 least to a pressure of 15 x 10 Pa, and perhaps below, 
whereas we have in practice been quite unable to observe 
signals for pressures lower than 20 x 10 5 Pa. 
Certain features of the data have also seemed to be 
irreproducible between experimental runs, notably the value#-
of E below which the bare ion signal disappears for ..!. = 0 ·f : 
in our preliminary experiments (Phillips ~Mcclintock / 
1974) no signals could be detected below 60 k~-l w~ereas, 
subsequently (Allum, Mcclintock a</J,t' Phillipsj ~-975~ ), it 
proved possible to follow the signal down to 2 k f - 1 . 
The only obvious difference between the two experiments 
seemed to be that the main 4He cylinder had been refilled 
in the interim, thus raising the possibility that small 
differences in the isotopic impurity level might have 
occurred, and might be 
(All~m ~ Mcclintock, 
quantities of 3He have 
important. Very recent experiments 
to be published) , in which minute 
4 been added to the sample of He, 
have apparently confirmed this hypothesis: the presence of 
. 3 
1 p.p.m. of He is sufficient to prevent any bare ion 
signals !at all being observed below about 0.5K. An 
explanation 'of these results can be devised on the 
assumption that 3He atoms condense on the negative ions 
(Dahm / 19:0~ and on the / ?rtex lines and rings (Oster:neier , 
Yarmchuk ~· Glaberson/ ' ~9~~) which will be forme~ 
throughout the chamber; but the situation is clearly very 
complicated, deserves further investigation, and will be 
discussed in more detail elsewhere. 
-27-
(c) Accuracy 
-The main source of error in v arises from the 
uncertainty in the length of the drift space £ which, as 
'" 
discussed in § ": 2 r~ \, is believed to be less than ± 5%. 
However, by comparing ionic mobilitiesµ(= v/E) measured 
~- * 
at low fields. for temperatures f~t with the higher 
precision measurements of other workers (who used longer 
drift spaces), this uncertainty can be reduced somewhat. 
\ 
I 
A satisfactory comparison with Ostermeier's Ql9 7~) mobilities 
. \ ' 
"--·-·~,... 
is not feasible because the overlap of experimental ranges 
occurs in the region where it is now known that f anomalous / 
curvature exists in the ?(El_). characteristic 
Mcclintock ~Phillips / 197 ~2 ;· ~ Bowleyf 





'·-··· it ;# 
> ft -1, are 




0.1 ,Kt . Bro.dy 
fields of typically 10 
(1975), however, has measured µ in 
~ . 
k'/:-l and comparison of our data 
with_ his yields good agreement. Taking account of errors 
in both sets of measurements we conclude that the uncertainty 
in the length of our drift space is ± 3% and thus that 
£ = 10.2 ± 0.3 mm. 
Investigations were made of the effect on the received 
signals of alterations in the gate pulse length and magnitude; 
the tip pulse lengt~ and magnitude; and their relative 
positions in time. Although some slight variations in 
signal pulse shape were found, the drift velocities v 
remained constant within the experimental error. No effects 
attributable to heating of the sample by the ion current 
-28-
were observed. 
Random errors in v arising from residual noise on 
the average d pulses, and from the technique used in 
obtaining ~from the point plotter recordings , show up 
\l r :# 41 -1 
as scatter in the results, typically ± o.:Jm/s or less for ·~ A le 11 If 
-1 
the higher fields and pressures and about ± ~11s where 
experimental conditions are less favourab le . 
We conclude, therefore, that the data tabulated in 
.z<r;;endix ~ are subject to a common systematic uncertainty 
-
of ±c 3% i~ their absolute values; and that, in addit i on , 
there is a random error whose magnitude can be estimated 
from the scatter of a particular set of data p oints about 
a smooth curve, but _which is usually in the region of 1 - 2 %. 
The possible systematic error o f ± 2% inV means that there 
D 
will be an error in E of up to [ ~%. 
-
~--








t ' • \ 
4. Discussion 
/( 
In this section we discuss our experimental data 
in the light of various theoretical predictions as to the 
form of v (E) . We compare our data with Landau's theory 
.,....-- ......... 
of superfluidity in (~). In (b) we suggest some reasons 
- -, 
why our data are inconsistent with Takken's (1970) 
supercritical drag theory, and in (E ) we discuss how 
supercritical energy dissipation by a light moving object 
may be expected to differ from that caused by a very 
heavy object. We review Bowley ~ Sheard 1 s (~9,f s·) 
calculations o f supercritical drag through single-roton 
and two-roton emission process~s, and compare our data 
with their theori es, in (d) and (e) respectively. Finally, 
in (f), we include a brief speculative discussion of our 
-
apparent failure to find any evidence of the occurrence 
of one-roton processes. 
(a) Comparison with Landau 's theory~~~~~~ 
We note from figure 9 that our v(E) data appear to be 
--
very much what would be expected on the basis of Landau's 
theory. This becomes more immediately evident when we 
plot the net dra.g on the ion (=eE) as a function of its 
average velocity throuf h the superfluid, as shown in figure 
11: the result at o.3 t~ can then be seen to bear a close 
resemblance to the behaviour depicted in figure 3 and, 
moreover, the critical velocity which we observe appears 
to be equal to~L within experimental error. For 
'·"' comparison, the corresponding curve for a negative ion in 
-30-
normal (non-superfluid) liquid 4He, where it can be 
character0 d by a constant mobility, has also been 
plotted. The b~haviour is seen to be qualitatively 
different in the two cases. 
The pressure dependence of the critical velocity is 
also of interest. Because a decrease in pressure results 
in an increase in 6 and a decrease in k , we expect that 
- o 
rvL ~ 6/~0 will increase as the press~re is reduced, below 
2·-5xlo5 Pa. It may be seen from figure ~}!\ that, although data 
./ 5 
at 21 x 10 Pa could not be obtained for low electric 
* fields, the 21 x 105 PaJ ~. curve lies above that for 
25 x 10 5 Pa which seems to imply a change of _y,L with! 
in the expected direction. We will return to discuss this 
point in more detail, on the basis of Bowley aQ~ Sheard's 
I 1 ti( 
(l975) theory of supercritical drag, in § · : t~). 
We conclude that our experimental data amount to a 
striking verification o f Landau's (1941, 19 47) explanation 
of superfluidity in liquid 4He. 
(b) The failure of Takken's theory 
'l " As discussed in § l(c) above, Takken's (1970) theory 
predicted that it should be almost impossible experimentally 
to cause ions to· exceed_yL to a measurable extent. On 
~" 
the basis of (8) we would expect v to exceed vL by less than 
' it- - -
4 x 10- 4 % when _::. = 200 kt -_1 whereas it -:;can be -~ seen in figure 9 
that the margin is, in reality, about 18%. Furthermore, 
the form of the observed v(E) curve is quite different to 
....,.,,,.,,.--
that predicted by (8), which would bend upwards on plots 
such as those of figure 9. It seems clear, therefore, that 
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Takken's theory is not applicable to the motion of negative 
ft 
ions through pressurif ed He _¥ below O. 5/-:; The reason 
is probably connected with the relatively small mass of 
the ion. 
The assumption that roton creation is a coherent process is 
of doubtful validity unless the mass of the moving 
object is very large. There are two reasons for this. 
Firstly, the object will have a random thermal velocity of 
J., 
'-ft\ ~ (3~131T/M) 2 ; and, secondly, conservation of momentum 
\) !) 
dlctates that, in emitting a roton, the forward momentum 
of the object be reduced by an amount ~v1 z 11k0 /m. Unless 
m is very large, each of these effects will have a tendency 
to destroy any incipient phase coherence between the roton 
I/,;' ,'l/ 
creation events. As discussed in § / 4 (~ ) below, the mass 
5 
of the negative ion in the He II under 25 x 10 Pa pressure 
-;::;::: 
is probably about 7Zm4 where m4 is the 
4He atomic mass, 
:lf f 4t 
Under our leading to v13/~ rr-l and (jvl 1\i 5 ts -l. 
experimental conditions, therefore, v;t_J and {jv1 each amount l7 
to about id% of the average total velocity of the ion so 
that, in retrospect at least, it is not at all surprising 
that Takken's theory does not seem able to describe the 
physical situation which we have been investigating. 
We require a new theory which makes no assumption of 
phase coherence, and.which takes explicit account of the 
recoil of the ion every t 'ime it emits a roton. 
(c) Critical energy dissipation by a light object 
In the case of a light object, the second term in (3) 
cannot be ignored, and the critical initial velocity v 1 ' 








The ionic velocity v which we measure 
experimentally is, however, a time-averaged value over many 
roton creation events: we shall see that v need not be 
significantly larger than _yL' even though__y :L' may be. 
' ~· ~ 
As will be discussed in mor~ detail in § 4(~), we will ~ ssume 
that the influence on v of the fluctuating thermal v~locity of 
the ion can, to a good approximation, be ignored. 
We consider first an object travelling through 
4 
superfluid He at a very low temperature such that the drag 
arising from the scattering of thermal excitations can be 
neglected, and under the influence of a force which is 
sufficiently weak that roton emission will occur at a 
velocity negligibly larger than21'· Under these 
c~nditions the angle e between the direction in which the 
object is travelling and that in which the momentum of the 
roton is directed, is zero, ai~d the problem 







, and that the final velocity of the object, after 
emission is v 1". 
V I 
1 = 
Then (3) becomes 
E: I /hk I +ilk I /2m 
1 1 1 




= mv " + tk ' 1 1 
v" - v' - hkr '/m 
1 1 1 
which, using (9) becomes 
v" = E: I ;h k I - -h.k~ I /2m 6 
1 1 1 1 
. ( 9) 
(10) 
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From (9) a nd (10 ) , the a v erage velo city for the onset of 
dissipation which we measure experimentally, 
I 
= + V 
11 ) = E: - /nk I 1 1 1 4 ( 11) 
and the instantaneous velocity of the obj~ct as a function 
o f time must be as depicted ~n figure l~j~ . . To compute 
,..., -
numerical v alues o f v 1
1 
, v 1
11 and v~1. f o r an object of any 
given mass we need to find the value of k which makes the 
right hand side of (3) a minimum. Differentiating it with 
respect t o k , and setting equal to zero to find k ' , 
., 




flK 1 1 
'hk ) I 
2m i 
which, }using ( 5) - to substitute for EJ_, bec omes 
h (k ~~l -k ) /:, h2 (k I - k ) 2 
- 0 = 1'1k"T + 1 0 






' l • (13 ) 
2m 
We have s o lved this equation numerically for kl, using v a ri ou s 
values o f m and assuming Donnel l y's ( 197 2 r oton parame t e r ::, 
at 25 x 105 Pa and have then u sed (5), (9 ) and (11) to f ind 
v 1 ', v191 and v 1
11
• The results a r e di s played in f i gure 13 . 
It is clear that although the recoil of t h e object , as 
r. (' 
indicated by the difference between v 1 • and v 1 ", i s 
significant eve n for effective masses as large as a few 
hundred times m4 , t he critical time -averaged velocity vb~ 
J 
hardly deviates f rom, vL provided that m > 30m4 . 
It is interes ting to note that for. very light o b jects 
r 
(m < 3.5m4 ) v 1 " becomes negative, implying that the ion 
will be moving backwards immediately after emitting the r o t on. 
So, also, will be the roton because, c omparing (10) and (12 ) , 
- ----·----. --.----------~------- ._-,.,.....,__ __________________ . __ ----..---. - --...--~-- ---~-. ·-· ...- -~ 





is numerically equal to the roton's 
group velocity. Thus a bizarre situation can arise whereby 
an ion which is initially moving forwards can dissipate some 
of its kinetic ~nergy by creating a roton moving backwards, 
and yet conserve energy and momentum in the process, despite 
the fact that its own final velocity will also be in the 
backwards direction. The roton's momentum, however, being 
related to its phase velocity which by (11) is numerically 
- ,-, 
equal to the time-averaged velocity ve 1 ' of the object, 
remains positive. 
The negative ion, which may be regarded as a non-localil:ed 
electron trapped within a spherical void in the liquid, has 
an effective mass which is almost entirely hydrodynamic in 
nature and which therefore depends only on the ionic radius 
r~ and the density p of the liquid. The effective mass 
has been determined directly only under the saturated vapour 
pressure : Poi trenaud ~. Willi ams ( 19 7 2 , l~.7 4 I were ab le to 
observe the resonance of ions trapped in the potential well 
just beneath the free liquid surface, from which they 
t• 
concluded that mi= (243 ± 5)m4 . This value is consistent 
with the hydrodynamic mass (= 2" ~ p V 3 /3) which may be 
deduced from values of the ionic radius measured by other 
means. Information concerning ionic radii at different 
\ 
pressures has been derived fram a number of sources including, 
particularly, measurements of the mobility and of the 
trapping lifetime on superfluid vortices; and the data are 
-·-----... 
found to be in satisfactory agreement with the simple bubble 
fiv-st descv-ibed by Kup12r ((q(,1) o.ncl sub5e<t_\A<;?.vttly 
mode~developed by Springett, Cohen ~/ Jortner (1967). ~ -
I (__ 
---. --------·----..---.----~-~-~. :-.---.-.-- .·-.,-..~--.....--------r~---.-·--.,-,---.----~-~---.-~--· ---------.... ~---~---~-----·-- -----:----~---- ··-
:r~ 
<'l ,,-<·" 
"Y'' \ .. ! 
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The available experimental information has been correlated, 
on the basis of this model, by Schwarz (~975) who has 
'---· 
concluded that the ionic radius at 25 x 105 Pa is 6etw~~"-
# 
1 .. 08 and l. l f m, depending on the precise value taken for 
the surface tension under pressqre. Assuming a liquid 
density of 172 k 3 m- 3 , the corresponding hydrodynamic mass 
lies between 68 and 76~4 : we shall therefore assume a value 
of 72~4 . 
From figure 13 it can be seen that, 
r r• 
for an .. i_· o-~-~!- .t_h_ i _s _.-·- 0 
mass, although (v1 •-v1 ") is about 10!% of vrcf:/ v,, 1 ~ C,; () vL to an 
excellent approximation, and we may therefore write (9)-(11) 
in the forms 
r· 





= \f L ; - fiko/2mi ('. ( 15) 
and \ ;/ 
v(91 = VL ?{ (16) ) 
./ 
with negligible error. Thus, although by (14) the ion has to 
r 
rea~.h a er i tical instantaneous velocity v 1 • for single-roton 
creation which is 2.5 \~s-l larger than the Landau critical 
velocity v.L appropriate to an object of infinite mass, the 
/ 
drift velocity v at which dissipation is observed to commence 
experimentally should nevertheless be very closely equal to ~L· 
...,, 
(d) Supercritical energy dissipation: single-roton emission =--1 
are 
are 
We find experimentally that quite modest electric fields 
sufficient .to . propel· 1the 
A-~) t Q.1-- St.u:::t\.<\... 
several ~-J1arger than 
ions at drift velocities which 
. ..,, 
equal to yL we conclude that, if the dissipative process 
involves tbe emission of single rotons, then the instantaneous 
velocity as a function of time must be somethin~ like the 
I 
graph sketched in figure 14: the ion must, on average, 
-36a-
continue to accelerate for a finite time Tl after the 
conservation laws for roton emission can be satisfied, before 
~if' the roton is emit~ed: on average, it is travelling at a 
~ V velocity ~ei (> v 1 1 ) immediately before emitting the roton, 
J:\ 1i'-and at a v~locity v£1 immediately afterwards, having had 
,,._ e i its velocity reduce~ by fJv 1 = 'jel - v,f1. A convenient way 
. \j ·j 
of approaching the problem theoretically is to postulate that 
I 
there exists a matrix element which determines the strength 
of the roton emission process, and then to ca lculate the 
form of v(E) which would then be expected, leaving the matrix 
element as an unknown constant to be determined by experiment. 
This procedure has been carried out by Bowley ~Sheard 
(1975) and we outline below, in a somewhat simplfied form, 
the salient features of their calculation. 
Before we do so, however, it is necessary to consider 
in more detail the influence of the dilute excitation gas, 
consisting mainly of phonons and ~He isotopic impurities but 
als~ including a few rotons, through which the ion is moving. 
4 At low temperatures in pure He, roton emission will tend 
r 
to be the principal mechanism limiting the drift velocity 
of the ion, but there will of course also be a contribution 
to the net drag on the ion arising from the scattering of 
excitations. Furthermore, because of the relatively small 
ionic mass, individual scattering events will cause significant 
changes in the instantaneous velocity of the ion. To look 
at the situation in another way, the ion will tend to have 
a superimposed random thermal velocity amounting to about 
8% of its average velocity in the direction of the electric 




, this being the inverse of the time taken 
by the ion to increase its velocity by t k /m . . Except for 
.. 0 l 
very small values of E, this frequency is much larger than 
the rate of excitation scattering events, and we may 
therefore conclude that the influence on v of thermal 
fluctuations in the ionic velocity parallel to the field 
may be ignored. 
The effect on v of thermal ve l ocity fluctuations 
perpendicular to the field is more subtle. The quantity 
which we measure experimentally is the time-averaged velocity 
component parallel to the field; but the time-averaged 
total velocity will be l a r qe r because o f t he t ransverse 
..c.~. -1 
thermal velocity of t 4 m s The measured value of 
; ~ 50 ~ s-l will thus be smaller by about 0.4% than the 
'~ 
average total velocity, which implies that the Landau 
critical velocity as deduced from the data will be smaller 
by about 0.2 m s-l than its trc~e value. The magnitude 
of the difference will, of course, be temperature dependent, 
so we may anticipate that the apparent value of ~L will 
increase as the temperature is reduced. These effects wi l l, 
however, be smaller than other uncertainties in our 
measurements. 
We conclude that, for the range of electric fields 
and temperatures used in the present experiment, the net 
effect on v of thermal fluctuations in the ionic velocity 
is, to a good approximation, zero. 
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For an ion travelling precisely at v' there is only 
one state into which a roton can be emitted, while 
satisfying the conservation laws, and so the transition 
rate is negligibly small. As the ion accelerates beyond 
v', however, the rate R1 (v) rises rapidly because of the 
increase in the number of possible final roton states. 
As suggested by Reif ~Meyer (~9~~), it is convenient to 
treat this problem using Fermi's golden rule 




where Vk is the unknown matrix element, s and h]S. the energy 
-f\ and momentum of the emitted roton, m. is the mass of the 
l 
ion and v its velocity immediately prior to emission, and 
- J-~1function ensures conservation of energy. Evaluating the 
-37-
the sum over all 
is constant 
possible final states and assuming Vk ]S 






2 k ' 3/i I v k I ( 2 TIYr1) 2 k o z 
0 (!;/ (:_) 
-- i- 5 ; ·2 
1T n -· 
. ~ ··'1 v 
(19) 
Although v appears in the denominator of the expression for 
a, we assume that its variation with E is so very much slower 
,..... 
than that of (v-v1 '), that we may regard a as being constant 
within the lvelocity range of interest. We will also assume 
that the momentum lost by the ion in creating a roton is 
always ~k0 : in fact, of cour~e, there will be a spread of 
momenta centred approximately on k ; but the shape of the 
0 
dispersion curve implies that, within the momentum range of 
interest, this spread is always small compared with k • 
0 
Thus, in a plot such as that of figure 14 , we assume tDat the 
effect of increasing E is to raise the sawtooth waveform 
{ 
to higher velocities and to reduce l its period, but without 
\ 
causing any significant change in its amplitude: the velocity 
lost by the ion as a result of emission,to a very good 
approximation, is 
( 20) 
We will define the average time .Jl\ which elapses with 
v > vl 
I before roton creation occurs as 






Assuming that t = 0 at v = v ', which can usually be true 
1 
provided that v(t= ) < v 1 & 1 (a condition which, in terms of 
measurable Variables I implies V 1 < V& + &v1. I Where v1 iS 
the drift velocity of the ion when limited by single-roton 
emission events), 
v = v ~ ' 1 
1r ~ .u,~ 
·ffs±rrgj (l8) to substitute for R1 (v), and (22) for v, 
becomes 
whence 
l }0 a)f JYJt = 1 
'1 =;d/;i;/. 
From figure 14 it is clear t ;ha:E r . 
Vl = V.fL ,· + ·- T 
V' rn6 v 1 i 
= vr. +r3e{/ tL 2aVJ ~ V 
v 
so that·we 
( 2 2) 
( 21) 
( 2 3) 
( 2 4) 
( 2 5) 
(26) 
We still need to consider the high velocity situation 
where Vf t > v 1 ' .. \J 




case t = 0 at v = v)'1 
vf1 + y:&{ t ~ 
v 
Inserting this, with (18), into (20) we find 








where we have also noted that e E-r1 / nyi = f}v 1 . 
\J 
Finally, we observe .that (26) and (31) can conveniently 
be combined to give an equation which holds true for v\~, 
both above. and 
- 3/ (v -v ) :i. 1 L 
below v1
1 




where e is the unit step function. By solving this equation 
we can determine v1(E) I appropriate to energy dissipation 
through single-roton emission processes, over a wide range 
of E, for comparison with our experimental results. 
We note that a more rigorous theoretical analysis by 
Sheard ff}i in which they have eschewed the Bowley ~ 
concept of an average pre-emission time \ but, instead , 
have set up and solved the appropriate Bol tzmann oqu~tion , 
" results merely in an additional factor of 
\ J 
= 0.903 multiplying 
! 




side of (32). 
Before comparing the equation with our data, it is of 
interest to consider its limiting behaviour. For v <v;L~v 
1 L/tJ 1 
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one naturally re-obtains ( 2 6) • For ~ slightly greater 
there is, of course, no simple analytic ·form than "ii, + 
I 
of v1 (E:) • 
Gv 1 
For v1 - v .· 
1 >>~1 , however, which is equivalent ( ~ ' ti 
to the assumption of m '-:: 00 so that V vl then becomes 
negligible, we can usefully expand (V1 -v/!;;- f}r1 ~using 
the binominal theorem, whereby (32) becomes . / 
(V1 -vE: >[t/ - (V1 -v1l(VI' [1-~1hmV1 -v0') + .. };~~~" ; 
or , us1V15 (?..o) > ~ 
- f f r-l e 2 E2 !> (33) 
vl , ~ / ~~ 1-c?~i<0 
inde..p€r.c\ ent of MC.SS e<.ric.l. 
which is~of the same form as the expression (8) which Takken 
(1970) derived using the implicit assumption of a very 
heavy ion. 
If we as;~me, th~t ;~ = 7l m4 , ) j ://: 
~then we find 0r1 = 4-txs- . Thus I for vl < s t1,s- 1 , (26) 
should be applicable and we would therefore e xpect a plot 
of v against EV to yield a straight line which would be 
extrapolated back to v,f_,; while, for highe r velocities, we 
would anticipate devia~ions such that @2v/&(Efij )2 become s 
positive and the data fall above the line. In figure 15 
we show such a comparison with (26) : it is quite impossible 
to draw a plausible straight: line through any portion of the 
data and, furthermore, @2v/rJ (E~ ) 2 remain s neg~tive 
throughout the whole ~xperimental range o f v. 
It is clear that (32) is unable to describe the 
experimentally observed form of ·V(E) and we conclude, 
therefore, that the ions do not dissipate the energy acquired 





(e) Supercritical enerqy dissipation: two-roton emission ...----1 
If we suppose that, for some unknown reason, the ion 
cannot emit a single roton, then it will cont inue to 
accelerate, eventually reaching the critical velocity V I 2 
necessary for the simultaneous emission of two rotons. 
Following arguments similar to those used in deriving (3), 
I'"'\ 
and assuming that both rotons have the same wav~vector, 
we find 
v2 ' " = (s/hk + hk/m~ • 
Assuming that k;:( is the value of k which mi r. imi.les 
right hand side of (34), we can use conservation of 
( 3 4) 
the 
momentum to show that if emission takes place at the critical 








v2 II = E 1 / fl k 1 - -h k2 I /mi 2 2 ( 3 6) 
so that the average ionic velocity, 
-
EI ;h.k2 I ¥}\= ( 3 7) 
for critical dissipation. 
(' II To compute numerical values of vf,;2 , v 2 • and v 2 we 
follow a similar procedure to that used above for single 
roton emission. The equation, analogous to (13), which 
(38) 
numer i cal solutions of which have been used in calculating 
-42-
the values of vt\2 , v 2 ' and v; 
11 displayed in figure 13. 
,j 
We see that, for an ion of mass about 7lm4 , it is an 
excellent approximation, as in the case of single-roton 
emission, to assume that Vr 2 = ic. vL; and thus that, in ( 3 5) 
,7 
' and ( 3 6) I we can replace the s2 ' and k2/ i by 6 and k 0 
respectively. Hence, in analogy to (14-16) for single-roton 
emission, we now obtain 
r ,,,. {= +fl k /m( ,--v.y I v/L ( ) v 0 .7 
' l-
( 3 9) 
,,.r· 
,.-
- 11 k v2 " = v r /m . .,_ 6' 0 i . , v 
( 40) 
and v62 \_; 
v ' 6 ( 41) 
The v(t) behaviour of an ion which dissipates energy through 
two-roton emission should therefore be as depicted in 
(1' 
figure i2/!9.\ : for any given electric field 1 the amplitude 
and period of the sawtooth will be twice as large as those 
in the single-roton case. 
" We treat two-roton supercritical dissipation by 
(-f i ~ '-'re I b} 
employing a simila{ ~pproach~to that used for the single-roton 
~s::::r:a:£ 9 ~:)'. ' :~s::na::::~ Again, following Bowley 
emission rate 
Jv 12 1SL. = . ~ L: 
k q 
Here, Vk is the unknown matrix element which permits 
_ ,g 
the ion to create a pair of rotons with momenta h k and ha, 
- -




Summing over all possible final roton states it can be 
c 
shown (~end ix ll&'I) that 
= 
2 S (v-v 2 ') 
where I . 
( 4 3) 
k . 41 12 ' JS~ 0 vko,ko mcs7'1 (4-4-) 
2 1 2k_ 3 2 G' n v 
and, again, we suppose that v 2 varies so much more slowly 
2 than (v-v2
1 ) that we can regard Sas remaining constant 
within the . velocity .range of interest. The average 
increment of ionic velocity f!}v 2 =v(} 2 -v,f/ lost as a result of 
each emission event will be twice as large as before, so 
that 
assuming once more that all 




( 4 5) 
rotons have momenta 
We define the average time T 2 which elapses with v >v 2 ' 
before emission occurs by 
( 4 6) 
v ::::: v2 I + (e E/m1.) t ~ 'l J 
( 4 7) 
and 
· so 'J using ( 4 3) I ( 4 6) becomes 
1T2 r 2 t 2 ~#t 1 S (eE/mr. ) - J v '.]_ 
D 
( 4 8) 
. ·.··,, . 
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whence 
T2 = ( 4 9) 
It is clear (figure l ~~~ { ) that 
= v L + (e E/mi) L 2 ' (50) 
,,, 
which, using ( 4 9) / becomes 
v2 = v(r,1 + (3e/Smli) V E,/ / . 
v v w (51) 
It is interesting to note that this is similar in form to 
the analogous equation (26) for single-roton emission, 
2 
except that the j power law has 
law. 
We must also consider the 
(47) is replaced by 
v . = 




now been replaced by a 3 
'}., 
\...,, ' 
( f l<j U.\'Q_ 11f-\ ) 




(vf + eE-r{mi - vi') 3 (V£ 2 -v 2 ' ) = 3 eE/ Smi (:) i 
\..,; 
(5 4) 
Now (figure 16 /E./) .; 
= 
so (54) becomes 
3eE/Smi .., 
/ 
where we have also noted that eE-r 2;('3; = 2 ~ k 0 /mi, and 
( 55) 
(56) 
used (45). This equation can be solved for v2_, but, first, 
-45-
it is convenient to combine it with (51) to give a general 
expression 
Vt + (},2: 
which holds true for v 2 both above and below 
This equation, which is analogous to (32) for the single-roton 
case, describes v2 (E) for dissipation through two-roton 
emission processes over a wide range of E. Again, Bowley 
a~Sheard (1975) have shown that a more rigorous theoretical 
analysis, based on the solution of a Boltzmann equation 
rather than relying on the concept of an a ver age pre -emission 
period T 2 , results only in a small numerical modification 
of the equation. In this case, the 
should be multi plied b/f'"' ~: W@y = fJo ~ 
exact version of the equation. 
right hand side of (57) 
r• 




Returning now to (56) we obtain, after a little 
manipulation, 
(\;2-(;/ - ~2 (\;2-v,L) + ~ (}/ - eE/Smt/3 "2 
which is quadratic in (Vz.-vit) . Solving 
= 11 + l; ek:.(1 +J (!Je"i/Sm~(}v2 3 this, l ~J - -) 3 
= 0 ) 
(5 8) 
In the hig h electric field limit the first term under the 
1j 
sguare root will dominate, and therefore ,{usivi3 (4-5), 
- (e / 2 (5 ti k
0 
)~ E~ v2 = V < + a:.. (59) 




Assuming again that m. = 7lm4 , we find that #:ff l 1f# jv2 :::: 2{9v 1 = 8·9Jts - 1 . Thus for v < s 51:t-l we might 
expect our data to be described by (51) whereas, for higher 
.. 
velocities, it will be necessary to use (58). In fact 
1f ~ -1 -
our highest electric field of 3odkv m we find v = 57 
h ' C\IMo$t 
so that (51) should be applicabl~ throughout~our whole 
experimental range. Of course, if the ionic mass was 
larger than72~4 , we would then expect to observe small 





We compare some of our experimental results with (51) 
by plotting v against E~ in figure 17. It is evident 
that straight lines may be drawn through most of the data, 
although there appear to be deviations in the limits of 
high and low electric fields. The full lines represent 
Jeast-squares fits of the data in the 
(\ ' 
figures to the equa~~a~ 
v ::::: +A E~ Cf ( 60) 
within the ranges ind icated, treating both vL and A as 
'"' adjustable parameters. The values of v obtained in tfi ~ s 
f _l 1t . L 4t -1 
way, of ~ 6.3 rr  from, the 0.3 5t data and 46.l z s from 
the 0.4 51: data, are in excellent agreement with the value 
rrl~s-l . ~ of 45.6 A computed from the Landau parametersJ using (1 3), 
considering that our systematic experimental uncertainty 
is ± 3% in v. 
Drawing similar plots for a number of temperatures we 
have found that the deviation at low values of E is 
4f 









figure i 1 /e\, 
At higher temperatures, as can be 
the deviation becomes larger, and 
extends to larger values of E, as would be expected if the 
drag arising from phonon scattering were beGoming more 
significant. 
The small deviations from (60) above 200 kV m-l 
are independent of temperature and might, perhaps, be a 
consequence of v,f,2 becoming larger than v2' (see figure 16) 
v 
so that (58) will be the relevant equation rather than (51). 
It is of interest to try and compute what value of the 
ionic effective mass would give rise to the deviations 
which we observed. In figure 18 we have plotted a portion 
of our averaged (see below) high field data on a larger 
scale. The dashed curves represent the behaviour expected 
for ions of various . masses, using (58) and obtaining an 
experimental value of 
at lower values of E. 
A = 3e/Smr) by fitting (51) to the data 
Unfortunately, the observed 
deviations are rather small compared to the size of our 
experimental errors, but we may certainly conclude that the 
ionic mass is less than 150m4 ; and, while no firm conclusion 
can be drawn from the present experimental results, it 
rather looks as though our es'cimate of m'.i. = 12. m4 may turn 
:; 
out to be an underestimate. 
It is clear that further experiments extending to 
higher electric fields may be expected to yield a measure 
of the ionic mass in superfluid helium under pressure. 
We note however that a more sophisticated analysis might then 
-48-
be required. For example, the possibility of emission 
processes involving three or more excitations should 
perhaps also be considered; and, for very large values of 
v, it might become necessary to take explicit account of 
departures of s(k) from the simple parabolic relation~ 
(5) which we assumed above. 
Supposing, in the absence of firm evidence tp. the 
contrary, that our estimate of 72m4 for the ionic mass 
is correct, we can use ( 44), (51) and (57) in conjunction 
with our data to deduce 
doing so, we have noted 
,·' .)!~rt;,' 
a numerical value for V/0 : In 
/ Ko' Ko\ 
that the appropriqte va lue of v 
to insert in (44) is the ionic velocity at which, on 
average, the emission events occur , ~e 2 · (= v 2 + -fi k0/~~mi) . 
We find Vk~= (3.6 ± 0 .7) x lo- 52 (!~3 , where the error 
o''"o\ Ii/ 
limits refer to uncertainties of : ± 5% in measuring A; 
± 1% in k ; ± 5% in m ; and ± IS% in 
0 ~ y 
m. , based on o.n 
l 
v 
uncertaint y of ± 5%, i V\ 
r i • ~ In carrying out the computation we 
have introduced an additional multiplicative factor of 0.893 
within the parentheses on the right hand side of (48) in 
order, as discussed above, to correct the equation in the 
light of Bowley a% Sheard ' s more rigorous version of the 
theory. ~o obtain the most reliable values of A and vL , 
in (60) we have incorporated almost all our data below 
:# 
O. i = in order to eliminate'·· the influence of excitation 
scattering in low electric fields at the higher temperatures, 
however, we have omitted points below isf v rn-l in the case ~ Jr r 




of the 0. ~~ data. This procedure, which effectively 
""" averages a very large body of data recorded by different 
experimenters on different occasions, should have helped 
to minimise the bias~ng influence of the small systematic 
errors which might, for example, have arfsen from a 
particular experimenter's style of measuring up the pulses 
on the point-plotter recordings. 
qt 1 1t: 1 ~,;/ 
A== (0.144±0.002) ls- (1:- )\};t _· ; 
it 
We find J~~=(46.30±0.04) 1-l; 
where the quoted errors 
refer only to the statistical confidence with which we can 
fit (60) to the data (the ± 3% uncertainty in 1 introduces 
an additional systematic error of up to [~%in A); and the 




of course, be possible to try and reduce the systematic 
I 
error in A arising from the ~% uncertainty in 1 by adjusting 
the value of 1 used to compute E and v to be such that the 
incercept on the velocity axis, in a plot such as those 
of figure 17, was precisely equal to the value of~£ computed 
{11 
from the roton parameters. In view of the ± !5 % uncertainty 
in ~' however, we have not felt this procedure to be 
justified at present, especially since the experimental 
intercepts are in any case within about 1. 5!% of vtT_,. 
\../ 
We can try to obtain a rough estimate of the error 
introduced by our having ignored the variation (± 7% for the 
range of E within which we fitted our data to equation 51) of 
the average velocity of emission, v .-~ , which we used for v 
ti2 
in the denominator of (44), by rewriting the corrected (51) 
in the form 
-50a-
where 
( , 21, 3 / 4 I I 2 )\ 
1 
/ 3 / y = 0.893 x 6() 11 e k 0 vk ,k mh-~\IV
. 0 0 v v 
and then plotting V against v~;'tf' Ev to obtain the 
gradient y. We again obtain an excellent straight line 




-52 3 3.8 x 10 J ,m • Of course, this procedure 
is hardly rigorous because, properly, we should consider 
the e~fect of changes in v(e:2 under the integral in (48); 
' ! but it is reassuring that we still obtain a straight line 
plot, and that the value of Vk k obtained in this way 
0 I Q 
differs from the value derived on the assumption of a 
constant S by an amount smaller· than the other uncertainties 
in the measurement. 
To try and ascertain whether our experimental value 
of the matrix element is reasonable, we have calculated 
the T matrix in the ladder approximation (Bowley, to be 
published) , assuming an interaction which is large and 
independent of angle. To the lowest order in quantities 
like k /~;v, we find 
0 ti 
2 ITk k I 
o' o 
M ~ arni 'f'rf;J/ v = 5 5 m 's - l , m r , = 
A_ (l: i 
Tk k = 2.9 x lo- 52 ,J mJ. 
0 I 0 J 
r 2k- 3 
TI Jl V 
72m4 , this yields 
In view of the approximations 
( 61) 
inherent in the calculation, triis represents good agreement 
with our experimental value of 3.6 x lo- 52 J m3 for Vk k ; 
/ o' o 
\ 
-50b-
and the relatively weak dependence on v in (61) (which is 
actually in such a direction that it would tend to diminish 
the velocity dependence of A in (60)) provides some 
--
encouraging support for our assumption, in calculating R2 (v), 
that the matrix element could to a first approximation be 
considered velocity independent. It is also r eassuring 
that (61) predicts a matrix element which varies very 
weakly with pressure: this again is consistent with 
experiment in that the value of A derived from data recorded 
-
at different pressures turns out to be a lmost independent 
of pressure. 
We have also tried to fit some of our data for lower 
~ pressures to (60). Because the ratio of t h e Landau 
parameters (A/k ) increases with falling pressure, (7) 
0 ' 
implies that v.L should also increase. Unfortunately the 
decrease in signal ia'ltelf'ls.ity with falling pressure prev ents 
any satisfactory comparison of the experimental and calculated 
values of v1L. 
(./ 
The difficulty arises partly because the 
data are noisier, but mainly because the threshold electric 
field, below which the signal becomes undetectable, increases 
as the pressure is reduced. Thus to obtain a value of 
vL / by fitt i ng th~ data to (60) at the lower pressures 
~fi'tails extrapolating noisy data in a narrow range of EV-
on a plot such as those of nigure 17, over a long span. 
\G\ The results are shown in figure 19, ,---
Q 
t ,0\..r 







where we compare the measured values vL(P)/vL}25 x. 10) 
,.,., 
with those calculated from the roton parameters. It seems 
clear that vL does indeed increase with falling pressure, 
but a satisfactory quantitative comparison of theory and 
experiment below 23 x 10 5 Pa is clearly impossible. 
Noting that our data are consistent with (57) over a 
very wide range of electric fields (E changing by a factor 
of 100), and that the values of vL deduced from the data 
increase with decr~asing pressure~ we conclude that our 
experimental results amount to an impressive confirmation 
of the applicability of Bowley ~Sheard's (1975) two-roton 
emission theory. 
(f) Is the single-roton emission process forbidden? 
~ 
The comparison of our experimental data with Bowley 
'],-· ¥ 
Sheard' s ( 19 7 5) theory in §§ 4 (d) and (e ) seems to 
-demonstrate unequivocally that, under our experimental 
condition, the superfluidity of liquid 4xe breaks down 
through the emission of rotons in pairs rather than singly. 
This result is surprising. There was no obvious reason, 
on the basis of our present understanding of rotons, to 
predict such an effect in advance of the experiment; 
neither can we, even in retrospect, offer any physical 
explanation of the phenomenon. If the single-roton process 
is, for some reason at present unknown, forbidden, then 
this fact probably amounts to an important piece of evidence ,,...._ 
' 
concerning the physical nature of rotons. Before completely 
accepting the two-roton hypothesis, therefore, it is 











alternative explanation for our experimental results. 
It is, of course, possible that the theory outlined 
above is wrong or inapplicable for some reason. Perhaps 
the excitations which are generated by the ion may not be 
rotons at all but might, for example, be vortex rings? 
It is true, after all, that some of the ions apparently 
create;. and become trapped by, vortex rings before they 
reach the collector (Mcclintock & Phillips / (l9f3 i. This 
suggestion seems implausible, however, when we ~ote that 
. s~ru{~ 
the critical velocity at which dissipation j 0mmenccr is 
found experimentally to b e the Landau critical velocity 
for roton creation: this is evident even on a plot such as 
that of figure 11, where we have made no assumptions at all 
about the way in which the superfluidity is breaking down. 
Furthermore, values of lL extracted from the data using (60) 
' 
'-,,,; 
show an. increase with falling pressure (figure 19), whereas 
the critical velocity for vortex nucleation by a negative 
ion ' is known to decrease as the pressure is reduced( Schwarz ~/ Jang / 
~ g7j) . . It seems extremely likely, therefore, that the dissipative 
_ _,, 
mechanism which prevents the ions from accelerating much 
beyond vL\ is, as we have assumed, the emission of rotons . 
. r 
_ __,f 
Another possibility is that one-roton emission is, as 
was originally envisaged, the dominant me9hanism but that, 
because we have failed to take account of some vital factor, 
(57) does not as it stands provide a correct description o f 
the phenomenon. The matrix element Vk which enters (32) 
-through a and (19) might, for example, be velocity dependent 




expected } law to a 1 power law in (~-vL) , thus rendering a 
spurious resemblance to the two-roton formula (51). It 
would certainly represent a remarkable coincidence if this f J; 
-1 
were so, considering the very large range of E (2 < E < 2ook m ) 
._. i ( 
-
over which (51) is accurately obeyed and, although the 
" 
possibility cannot be entirely discounted, we feel that it is 
far more likely that the two-roton theory is in fact correct. 
The probable applicability of the two-roton hypothesis 
over the range of our experiments does not, however, necessarily 
imply that one-roton processes are rigorously forbidden. The 
matrix element Vk may be very small relative to v k so that, 
..- S '~ 
in a time less than t 1 , the ion accelerates beyond v~ and 
emits a pair of rotons. Of course, by reducing the electric 
field we can increase the time taken by the ion to accelerate 
from v 
1
1 to v 2 ', and thus increase the likelihood of 
single-roton emission. Single-roton processes, if they 
exist at all, are most likely to be found occurring under 
:t= 
-1 
very ksmall electr~c fields, in the region below 1 kv m where, 
in the present experiments, any such effects would be 
obscured by the scattering of 3He isotopic impurities and 
thermal excitations. 
Although we .cannot, of course, derive a numerical value 
of ~from the present experimental data we can, however, 
deduce an upper limit for the magnitude of this matrix 
element. We note that the . lowest electric field for which 
our data 
is about 
lie accurately on a plot such as that of figure 17 
4f 4t -1 
2tt and so we can be confident that the 
average pre-emission period 1 1 (assuming t =Oat v = v1 ') 
for the one roton process is certainly considerably longer 
-54-
than the time taken for the ion to accelerate from v1 ' to 
r 
v 2 • in this electric field. Then, using (24) for T 1 , (~/2a'61 (mJeE)~> (v 2 •-v1 ')/(eE/m1 ) • 
Noting from figures 14 and 16 that (v '-v ') = ~k /2m., and 
. 2 1 0 i 
substituting for a from (19), we obtain 
lvk 1 2 < 3n~v m?~E/m ~k 3 e ,.. o Ott 
from which, for E = 2ikv~ m- 1 , we find 
A, 1 ~kl <6 x lo-39 fie! 
If, in future experiments at lower temperatures and using 
4 isotopically purer He, (51) continues to ' be followed down 
to smaller electric fields, then it will be possible to 
reduce the upper bound on ~ yet further. If, on the 
other hand, the matrix element is in fact nonzero, then 
v(E) will take the form of (26) for sufficiently small E 
and the experiments mi9ht then enable a numerical value of 
vk to be deduced. 
0 
~ - -.........-- ·-
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' \ \ I 
5. Conclusion---1 
( -------
The experiments which we have described constitute the 
first convincing, verification of Landau's (1941, 1947) 
explanation of superfluidity in liquid 4He. -
We have shown that Takken's (1970) wave radiation 
model has led to a gross overestimate of the drag on an 
ion travelling through the superf luid faster than the 
Landau critical velocity for roton creation and, furthermore, 
that it has given rise to an incorrect prediction of the 
form of the v(E) relation~fu · We have, however, 
demonstrated that, over a very wide range of electric fields, 
our measurements are accurately described by a law of the 
~-Er~ , in agreement with the two-roton 
theory of(':!Bowley ~heard (fc::1s) . On the basis of their 
theory we have deduced a numerical value of the matrix 
'7 
element characterisi ng the two-roton emission process. J ~ - No sign of th~ (V-v~ ) i ~ . Ew behaviour, which, according 
J to the Bowley ay Sheard-' theory, characteri,les single-roton 
emission is evident from our data, so that we have not been 
able to determine the relevant matrix element: we have, 
however, placed an upper bound on its value. Single-roton 
processes, if they exist, are likely to be observed for 
very weak electric fields in the region where, in our 
present work, the phenomenon would be obscured by the 
' . 
presence of excitation and impurity scattering processes: 
4 
experiments at lower temperature, using purer He, are 
clearly required to try and settle the interesting question 
, .' 
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Appendix A: Tabulan , Velocity Data --------1 
Most of the data were recorded/ ;...lk a pressure of 
25 x io5 Pa which resulted in relatively large signals, 
which could quickly be averaged to a satisfactory signal/noise 
rt 
ratio and measured up with a precision of about ± 1 or. 2%. 
We list these first, for five different tewperatures and~a 
' /{\- 112 
very full set of electric fields~ in table/ ' · In tablej \ 
we list data recorded at 21 x 10 Pa, for three temperatures 
and a restricted range of electric field above about 100 kV m-1 . 
. 5 ~~ 5 A few data were also recorded at 22 x ~O and 23 x 10 Pa, 
f AG 
all at 0.28( , ~ndA~~re listed in table~\ Finally we 
tabulate in table 1' for four temperatures, the drift 
velocity as a function of pressure under a field of about 
100 kV m- 1 . Whenever more than one datum is available for 
\\ ~ 
a particular set of ~ 1\~,T~ , we have tabulated the average 
value. 
In all cases we give not the electric field, but the 
potential difference vtD. measured across the drift space. 
'·' .._ y "2 
The length of the drift space, as discussed in § 13(c), was 
r - :#- . (i., ~v m-•J -
10.2 ± o.~ so that the electric field EAmay be found by 
mCA.ltiplyin~ the numerical value of ~'D 
1
by O•OC\8. The uncertainty 
L,.I 
in i introduces -possible systematic errors of± 3% in E (to 
r 
which must be added the ± 2% error in measuring VD) and 
r - _,., 
± 3% in v; random errors in the measurements manifest 





~ l' Velocity data at 25 x 105 ifi\ 
( The measured ionic drift velocities are given in 
:.tt -1 rt for various temperatures T and drift space potential 




----~ znlt..,, ~~ o. 30 0.35 o. 40 o. 45 o. 50 
10 IUW' ~ 46.2 45.8 42.0 -
11 - - 45.7 43.0 -
12 - 46.5 45.8 43.2 -
13 - 46.8 46.l 43.8 39.4 
14 - 46.8 46.4 44.2 40.4 
15 - 47.3 47.2 44.6 41.0 
16 - 47.3 46.8 44.9 41. 2 
17 - - 46.9 45.4 41. 5 
17.5 - 47.6 - - -
18 
- -
47.0 4 5 .5 42.7 
18.5 - 47.5 - - -
19 - - - 45.8 42.7 
20 47.7 4 7 . . 9 47.5 46.3 43.2 
21 47.3 47.7 47.4 46.0 43.5 
22 - . - 47.0 46.5 43.8 
22.5 47.4 48.0 - - -
23 - - 47.6 46.1 44.0 
24 - - 47.6 46.6 44.5 
25 47.9 48.0 47.7 46.8 44.7 
26 - - 47.9 46.9 44.8 
27 - - 48.0 47.0 45.1 
27.5 47.9 48.1 - - -
28" - - 48.0 46.9 45.2 
29 - - 48.1 47.2 45.6 
30 48.3 48.3 48.2 47.3 45.8 
32.5 48.0 48.3 48.1 47.3 46.1 
35 48.3 48.4 48.1 47.6 46.2 
37.5 48.1 48.6 48.3 47.4 46.6 
40 48.7 48.7 48.5 48.0 46.9 
42.5 48.6 - - - 47.0 
45 48.6 48.7 48.6 48.0 47.3 
47.5 48.6 - - - 47.3 
50 48.6 48.9 48.8 48.4 47.6 
52.5 <- 48.7 - - ~ - - . - - - . 
55 48.7 48.9 48.9 48.6 47.7 
57.5 49.0 .... . . - - -
60 49.3 48.9 48.9 48.4 47.7 
62.5 49.0 - - - -
'65 49.3 49.0 48.9 48.7 48.1 
70 49 .o 49.3 49.2 48.9 48.0 
75 49.5 4 9 .o 49.l 48.9 48.3 




\ af\ a 
-
-~· -59-
- . Table 2 (continued) 
-(~ / ~--·---- ..--.-· .. -D) ) .., o. 35 --~·-- .40 0.45 
85 49.5 49.2 49.3 49.0 
90 49.2 49.5 49.5 49.3 
95 49.6 49.3 49.5 49.2 
100 49.8 49.5 49.4 49.3 
110 50.l 49.8 49.8 49.5 
120 50.l 49.6 49.6 49.5 
125 - - 49 •. 5 -
130 50.l 49.8 49.9 49.6 
140 50.2 49.9 49.8 -
150 50.4 49.8 50.0 49.8 
160 50.5 49.9 49.9 -
170 50. 2 - 50.2 50.l 
175 - 50.2 - ·-
180._ 50.5 - 50.l 49.9 
'· 
185 
..._ 50 .l - ' 
-
- -
190 50. 4 - 50.2 -
200 50. 4 50. 4 50.2 50.l 
210 50.7 - - -
220 50.7 - - -
225 - 50.4 50.5 50.2 
230 51.0 '":' - -
240 50.5 - - -
250 50.7 50.5 50. 6 50.2 
260 50.7 , - - -
270 51.0 - - -
275 - 50. 5 50.8 50.5 
280 50.7 - - -
290 50.8 - - -
300 51.0 50.8 50.7 50.5 
325 50.8 50.7 51.0 50.8 
35Q 51. 2 51. 2 51. 2 50.8 
375 51. 2 51. 3 51. 2 50.8 
400 51. 5 51. 3 51. 2 51. 2 
425 - 51. 3 51. 2 -
450 51. 5 51. 7 51. 5 51.3 
475 - 51. 5 51. 5 -
500 51. 8 51. 7 51. 5 51. 3 
525 - - 51. 7 -
550 51. 7 52.0 ' 52.0 51. 8 
575 - - 51. 8 -
600 52.0 51. 8 52.0 51. 8 
625 - ·- 52.1 i -
650 52.0 52.1 52.1 52.0 
675 - - 52.1 -
700 52.l 52. 5· ' 52.3 52.0 
750 52.3 52.7 52.4 52.3 
800 52.5 52.7 52~5 52.3 
850 52.5 52.8 52.7 52.5 
.900. 52.5 52.8 52.8 52.5 
950 52.7 53 .o 53.2 52.8 




























































Table 2 (continued) ----------
----~ o. 30 0.35 o. 40 o. 45 o. 50 T) ) 
-·- - -
1100 53.0 53.3 53.3 53.0 53.0 
1200 53.2 53.9 53.3 53.2 53.0 
1300 53.3 53.9 53.9 53.5 53.3 
1400 53.5 53.9 53.9 53.7 53.7 
1500 53.7 54.2 54.1 53.8 53.9 
1600 53.9 ' 54.2 54.0 54.0 54.0 
1700 54.2 54.6 54.6 54.0 53.9 
1800 54.2 54.6 54.8 54.2 54.0 
1900 54.4 54.8 55.0 54.4 54.2 
2000 54.4 55 .o ' 54. 9 54.6 54.2 
2100 54.6 55.0 55.1 54.8 54.4 
(,. 2200 55.0 55.1 55.1 55.0 54.6 
2300 55.1 55.3 55.5 55.0 54.8 
2400 55.l 55.7 55.5 55.3 55.1 
2500 55.3 55.7 · 55.8 55.3 55.1 
2600 55.3 ·55. 9 55.9 55.5 55.7 
2700 55.7 56.l 55.9 55.7 55.3 
2800 . 55 . 7 56.1 56.1 55.9 55.5 
2900 55.7 56.5 56.3 55.9 55.9 













~F ~e A· Velocity data at 21 x 105 Pa 
' '"''' -'' * ( The- measured- ionic drift velocities are given in 
~-l for various temperatures T and drift space potential 
_, differences v
0 





----~- · ,,,, .... <" -·, ' "'T 11n-
~o./:A~ 0.29 o. 33 0.37 
"' 
~o 55.9 - -
56.l 56.4 55.9 1200 
1250 56.7 56.0 -
1300 56.5 56.5 56.3 
1350 56.5 56.6 56.0 
1400 56.5 56.4 56.3 
1450 56.7 56.4 56.2 
1500 57.1 56.5 56.6 
1550 56.9 56.7 56.6 
1600 57.3 56.7 56.5 
1650 57.1 56.9 56.8 
1700 57.3 57.1 56.9 
1750 57.3 56.9 56.9 
1800 57.7 57.7 57.3 
1850 57.7 57.1 56.8 
1900 57.7 57.7 57.5 
... 1950 57.5 57.7 57.1 
2000 58.5 57.9 57.7 
2050 57.9 57.7 -
2100 58.3 58.1 57.6 
2150 58.5 57.7 57.5 
2200 58.3 58.3 57.9 
-2250 58.7 -
2300 58.7 58.1 58.3 
2350 58.7 58.5 57.7 
2400 58.7 58.7 58.3 
2450 58.9 - -
2500 58.7 58.7 58.3 
2550 58.7 58.9 58.8 
2600 59.l 58.5 58.3 
2650 ,, - - -~ 
2700 59.l 58.9 58.8 
2750 59.l 59.1 58.7 
2800 59.4 58.7 58.7 
-2850 - -
2900 59.4 59.l 58.7 
2950 59.l 59.l 58.7 
3000 59.6 59.1 59.l 















I ll ~3 . 5' 5 :able t., Velocity data at f. x 10 ~ 23 x 10 ;~ 
1/ ( The measured ionic drift velo~-f ty at a tell\Perature of 
lo. 2~ is given in (;t:-l for various drift space potential li. Ti_ f\: j \j}~fferences ~.  , 
I ~5 r)~ Pa \ ·- ;>--------P --~ 
1 22 23 
l , ::1 
,r;/v\ C 
t; \./ 
500 52.3 1800 56.3 55.5 
550 53.0 1850 56 .s 
600 52.8 1900 56.3 55.7 
650 53.2 1950 56 .s 
700 53.3 2000 56.5 55.7 
750 53.5 2050 56.5 
800 54.4 53.5 2100 56.5 55. 9 . 
850 54.4 53.7 2150 ... 57.1 
900 54.8 53.9 2200 57.1 56.1 
950 55.0 53.9 2250 56.9 
~o 55.1 54.0 2300 57.1 56.3 2350 57.5 
1100 55.3 54.2 2400 57.3 56.5 
1150 55.0 '- 24 50 57.1 \1_ 1200 ~ 55.3 54.4 2500 57.1 56.5 
~ 2550 57.3 
1300 55.5 54.6 - 2600 57.5 56.5 
c-- 1'3 50 55.7 ~/ 2650 57.3 h-- 140_0 55.5 54.8 ' 2700 57.5 56.7 / 2750 57.7 
/'1500 55.9 55.0 /· 2800 57.7 56.7 
/ 1550 55.7 / 2850 57.3 
/" 1600 55.9 55.1 2900 57.5 56.9 
/ 1650 56.3 2950 57.5 
; 1700 56.4 55.5 3000 57.7 56.9 
1750 56~3 








Table . Velocit as a function of ressure \ 
The- measured . ionic drift velocity with a drift space 
I'\ 4 -1 
po1 ential difference of 1000 :[_ ~ is given in ;: for 
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: ~he sin le roton transition rate 
To calculate the velocity dependence of the single-roton 
~ // . transition rate, starting from 
= - flk. v) ( 17) 
- -
-....,.. 
we replace the sum over all accessible final states by an(,,,._ --"f 
" integral, so that . r . ff f '···- -· 
Rl (v) = ~(~L .3 ( 00~ l~ 2jl'!'&¢j~ §/(bol?a)!Vk 1 2 6,~· · (E+h2 k 2 /2mi .i.kt_~~a) > 
,. .... ,Jo o -1 
"-.('.'\\ I 
~ 
where a is the angle between v and k. 
- -
The integral over ¢ 
is trivial owing to the cylindrical symmetry of the problem . 
Setting cos a = x and assuming that 1'VR- is a constant(=V,(\) 
. I ~\ / .. 0\ 
within the range of interest, 




Integrating over x, 
lvk 12 Rl (~) = o 
2 TI fl 
where e is the unit step function. 
) 
Before performing the 
I 
final integration it is convenient to change the variable 
from k to E, using (5). In doing so we introduce a factor 
of 2 to take account of there being two values of k 
associated with each value of E; and we ignore [2m,.(E-M] ~ 
in comparison with 
= 
k jvk 12 
0 0 
/TI , fi 3 V 





-. .-- -.-,~-~---;"'"·-,-~-::-----,-~· 
~==..:-=:'.:'.:!91!!!111 .... ~=---==--= 
-------····-, -- ---.------------
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Setting E-6 = s , we obtain 
Because the integral is no~zero only when 
s < hvn k -11 2 k 2 /2' m. . - 6 I = I a 
0 0 . [ l. l ! ) ' 




Integrating, and noting from (7) and (14) that a=l\.k
0
(v-v1 ') 
to an excellent approximation for an ion of mass 72m4 , we 
obtain finally 
= 
hr 1115 /2 V \\ 
(J ·1 . 
ri0 \_j/ 
(v-v ') ~ 1 (18,19) 
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Appendix :t1.I :'the two roton transition rate 
To calculate the velocity dependence of the two-roton 
- / l transition rate, starting from ~+ a.,,t:_t . 
= 2'1T E E I 12 ~ 
R2 (v) ""h ~ :i v~ll . o [e:k +e:q-rd~+~) _;! +h 2 (!+~) 2 /2mi J (39) 
we replace the sums over ! and ii by integrals such that 
and 
E -+ 1 
ti ( 2'1T) 3 
0 
-,~ 
/d (cos a) 
l.;-
f &< ~: j i,'fy d$ r -~ (cos Bl ) 
0 -1 
where a and f3 are the angles between ! and }.;_, and _! and ~' 
respectively. Because k and q in the roton region are close 
g~ to kvo' _____________ and a and f3 are small, we can take (k + a) 2 ~ 4k 2 ~ - . \ ! , _ .. 0 
and (k + a).v ~ k v (cos a+ cos 8) to excellent approximations. 
- # VJa 0 
,/ , 
The ¢ integrals each yield a factor of 2'1T owing to the 
cylindrical symmetry of the problem. Setting cos a = x, 
cos f3 = y, and assuming that Vk is a constant (= Vk k ) 
.....,~ 0' 0 
over the ionic velocity range of interest, we find 
R2 (V) = IVi<;kj 2 jkj~, ~ 2 q 2 ( 1 @xjl (jyO [Ek+£q +2Il 2 k0 2 /mi -fivk0 (x-+yj (2~) 3 .J'_l -1 ;:& 
We first perform the y integration, noting that 
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where a and b are constants and e is again the unit ~tep 
J, l{ function. Then U~ .\ 
'I, ,. ! 
JRP~vko, ko 1 'fr1+'{Jq q'} 
1id2rr) 3 Jl -1 
(nvq) -le 'tvk +'fivk x-sk-E: -2li. 2 k · 2 / rrv .. \ • ~ l 0 0 q 0 ll j 
'· i \.j 
The x integral is (because of the 8 function and the upper 
limit) to be evaluat~d only within the region 
B == (-kvk
0 




We note that this expression is symmetrical in q a nd k, as 
is required by the model; and that the expression in curly 
brackets must be po s itive since, otherwise, we would be 
considering x > 1. To take account of the. latter requirement , 
we multiply the right hand side of the equation by the e 
function of the expression in curly brackets. It is 
convenient, before attempting the remaining integrations, t o 
change the variables from k and q to the energies sk,E:q o f 
the emitted rotons, using (5). In doing so we must introduce 




r '6 i ff. .-,,t _,, (2tivk0 -2ti 'k0 , ;mi -s-t-n> L 
o ~ ·;e:·. r 
x 8 '-~~(2hv k 0 -21i. 2k0 2 /ny:;r s-t-26) • \ t/ . '-.) f)-
Taking account of the ~ function, and of the lower limit 
of integration, we see that the t integral is to be evaluated 
only in the region 0 < t < b~s where 
b = 2vhk - zh 2k o2/m& - 26; 0 
and that the limits of the s integration therefore become 
o < s < b, because, if s > b, t would be negative. 
-----· ·-----··---------- ---· . 
I 
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Integrating by parts, 
rR2--(-;) ··~°'\. 8 k o 2 I v k ' k I 2m/1) b "<:_ L. o o . .'P 
1l. 5 ~..., 2 n ( 2 ifr) 3 0 
''-./ v iJ 
which, setting s = bz, becomes 
i 
b 2 {1 ;.65. (1-z) ~ t/ 0 . (:) 
i 
"§ 
The integral is now in a standard form taking the value~]'A~ . 
Using (7) and (39), we note that b = 2hk0 (v-v1 ') so that we 
obtain finally 
(v-vl ') 2 • (40,41) . 
r 




Appendix jy glossary of symbols 
For convenience of the reader, we list below brief 
explanations of the main symbols used in this paper. 
~' -~- II >ff'- t\ / IJ A;f .. ~ '~· \,}~ j'~---. 'lJVOf tfr y (l 
. A ; T&; constant which 
J 
!, .~/ 
multiplies E~ in (51); 
-- E . 
defined by · (60) \ 
; ~tric field " 
e :, cie'ctronic charge'\,._ 
~ ' Planck's constant · (h/2~ ') \ 
~ ·"~nitude of the current puls~.:at 
/ '-\;:;.,w measured at J:s (see figure ') \ 
/ f\ (\ t {I , 
Roton wavej;rector °\. k 
= 
the collector, 
~ Boltzmann's constant. 
-~,~ // 
~ Roton parameter representing magnitude of roton 
[ wave-vector at the minimum in energy °\_ 
. (.1 ~nitude of roton wave f vector which minimi,les 
. J 
r the right hand side of (3), for single roton 
emission: hence, the value of k for the roton 
which is created in critical dissipation.\ 
W . ~or k; ', but referring to two-roton emission , 





~th of drift space between ~ and l'.9J3 of 
/ experimental chamber , (see figures 5 and 6) "\ 




4He atomic mass \ 
/_ 
Effective mass of neg~tive ion '\. 
~n parameter representing the effective mass 
of a roton \ 
/ p Pressure 
/ (' 
Roton wavet vector. 
/ v 
funsition rate for creation of' single rotons 
by moving ion \_ 
~sition rate for creation of pairs of rotons 
by moving ion \. 
riY ~ius of negative ion \ 
!/\. ~perature , 
}tt.,k. "-., I h~ CQlc..uloJ::.ed. 
t Time \ 
~es on idealil ed collector characteristic (see 
y 
figure st )\ 
~ntial difference across drift space G2 G3 \ 
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~ix element coupling 
r 
wave t vector k. 
I._'../' 
M~x e .lement coupling 
ion to single roton of 
ion to single roton at 
the minimum of roton energy 
V~ ~ix element coupling ion to pair of rotons /;. ' ~ "" (" . 
with wavztvectgrs l;_ and ~ \ 
V~x element coupling ion to pair of rotons 
/ )5/, P\ both of which t th i · f t are a e m nimum o ro on energy '\ 
~sient step in potential applied to field 
emitter (figure ~) "\ 
~nsient step in potential - ~pplied to grid G1 
. -v.#-
to open gate (figure 9f > \ 
~City of object through superfluid helium '\ 
~~antaneous critical velocity, given by (9) 
and approximately by (14), of the object which 
is required for the emission of one roton (see 
(~ 
figure 13;a ) "\. 
~antan~ous velocity given by (10) and 
approximately by (15) of the object immediately 
after emitting a roton, if it was travelling 
'J..I' 
in.i tially at v1:---' (see figure l~) " 
~rage velocity of object <~l v1 ' + v1 "}" "(L) 
in critical dissipation (see figure 13~) \~ 
I 
~ ,/ vft 
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/ ·. 
Velocity at which ion is ~ravelling, on 
average, when it emits a roton in supercritical 
dissipation (see figure 14) " \ 
~ity at which ion travels, on average, 
immediately after emission of a roton in 
supercritical dissipation (see figure 1'4) \ 
/ E~ ~ 
Kver age velocity ( = ' [ ve/: v ~jl 0 f ion when 
supercritical dissipation occurs through 
emission of single rotons: what one would 
measure in an experiment~ 
~ment of velo~ity lost by the ion (= vei-v£1 >, l/ v' 
on average, in creating a roton in supercritical ' 
dissipation: given to a good approximation by 
(20) \ 
~tantaneous critical velocity, given by (35) 
and approximately by (39) of the object which 
is required for the emission of a pair of 
rotons (see figure 1 ~) '\... 
/ 
Instantaneous velocity, given by (36) and 
apprQximately by (40), of the object immediately 
after e~itting a pair of rotons, if it was , 
(."!. 
':+-' 
travelling initially at ~' (see figure l~ ) "\ 
~ge velocity of the object (='[v2 ' ::. v 2 "} vf/ 













. ' Velocity at which ion is travelling, on 
! 
b average, when it emits a pair of rotons in 
, supercritical dissipation (see figure 16) '\. 
· ~city at which ion travels, on average, 
Qimmediately after emission of a pair of rotons 
\in supercritical dissipation (see figure 16) \ 
I " 
- ~rage velocity of ion ( =1> \_:7 eJ1 + v &2] ) when 
ti supercritical dissipation occurs through 
emission of pairs of rotons: what one would 
measure in an experiment " 
~·ement of velocity lost by ion (= v e 2 - v f 2 ) , 
\l on average, in creating a pair of rotons: 
.... 1 
given to a good approximation by (45) ""-
~akken's (1970) estimate of the upper bound on 
r, 
Uthe velocity of an object moving through 
l 
' superfluid 4He, given by (8) \ 
~dam thermal velocity '\ 
~ficient in the single-roton transition rate 
f1 
u equation (18), defined by (19) 
~ff icient in the two-roton transition rate 
/ equation (43), defined by (44) 
~on parameter representing the roton minimum 
energy \ 
--r~--- ~ -----. 
~~~~~~~~~~~~ 






/ r , 
\ Energy of a roton, '~ i ven by ( 5) ""'-
! ~roton energy given by substituting k ,.,. ' in 
1 
t hence, the energy of a roton emitted in 
Qsingle-roton critical dissipation \ 
( 5) ; 
. ~or £~', but referring to two-roton emission, 
' 1 
assuming that both rotons have the same energy '\ 
~unit step fun~tion 
~c mobility (= v/E for small values of v) 
~ion rate of quantised vortex rings by moving 
ion · ~si:-;, of fiiuicl 1t-ge. "'-
~iod of time which elapses, on average, before 
p 
~ a roton is emitted in supercritical dissipation : 
if v tl < v1 ' , .it is measured from the moment when 
the ion acce l erates through v1 ' ; and, if v£1 ) V I I 1 
it is measured from the time at which the 
\,r 
preceding emission event occurred " 
fu':od of time which ~lapses, . on average, before 
bia pair of rotons is created in supercritical 
I 
'dissipation: j_f V;f ~ < v 2 ', it is measured from 
u 
the moment when the ion accelerates through v 2
1
; 
and, if v~2 > v 2 •, it is measured from the time 
') . 
at which the preceding emissi~n event occurred"' 
~ for an ion to traverse the drift space 
l' <-2 ~ between r§,..J. an~ 33 (figure .2;aJ : "1.sually determined 
by measuring (t5-t2 ) (figure ~!2, ) '\ 
~--. ---~r----·-------------- ----·-
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fue time of the electronic circuitry used in 
detecting the current pulse reaching the 
(l.i~ 
collector ·.V (figure ~) '\ 
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Table l G) 
Experimental conditions under which each of the 








An object travelling (a) with initial velocity v 
. ,,_ ~e 
can 
reduce its kinetic energy by, as ~hown in (b), creating 
an excitation of energ1 ' £ and momentum ~k in the fluid: 
... 
it moves finally at the smal~~r vel~.city "'75 . r ~IJ .~ t k i-Ow d. t ,/ ~ _. 2. The dispersion curve/~'r excitations in superfluid 
- 4/ i -.:# 
He at a temperature of l.);15 __ an. d under a pressure of 25.3 
L1~ "-:DA 
. ., atmospheres (after Henshaw ~ Woods/ 'l961): the energy 
E of an excitation is plotted against the magnitude of 
{"--
its wavef vector ~· 
v 
Excitations near the local minimum 
• are known as rotons. As demonstrated by (6), (4) is 
' 
satisfied by rotons at the p9int where a straight line 
drawn from the origin makes a tangent with the curve, 
and the gradient of this line therefore represents the 
Landau critical velocity for roton creation, vL. r .. ~ll. r 3. 
object as a function of its velocity _ according to 
The drag exerted by the superfluid upon a moving 
L'L'""· : t{q70> 
Landau. Takkehfpredicted that, for experimentally 
feasible measurements of negative ion characteristics, 
1 cu~ve t~' would be followed; but curves such as /b~ or 
r~A would be equally consistent with Landau's theory, 
which merely predicts the absence of drag for velocities 
$ be low "'IL • f·rt 4. 
\" \ 1 , I under pressure. \._, 1 ' - '1-
Field emission characteristics in superfluid 4He 
\......--
In ~) the current i from an emitter 
as a function of pressure at a f iXed 
.1 t at 3.ot~ is plotted 






-81- / (,,,/- · "-------" , 4r 
L:"L.,\ In (gJ the currents from an emitter at 2. oj:v are plotted 
against temperature T for two pressures P: the current at 
:ft _, -
25 x lo7ra is considerably larger ~han at 105 Pa and is 
temperature independent below 0- t~ · 
5. The single-pulse time of flight technique. The 
main components of the electrode structure are shown 
diagrammatically in (a). 
.-
In (b) are sketched, as 
-
functions of time t: the transient negative potentials 
1-~ 
V~ (~ 1. 5 V) and vi:\ -(~ 50V) q p·plied respectively to the ~--7(9 "- I -:191 \ ,~ 
. field e~ission source @) and to the gridl9i_ ; and the 
, resultant negative current ~ which in practice is found 
to be induced in the collect~ng electrode @ . 
The experimental chamber, slightly modified so as 
to appear in a single vertical section. The main 
l_,,"""!._'"""" components were all cylindrically symmetrical . / a \ )6 hamber 
body, which was flattened on ohe face to ensure good 
thermal contact with the 3He pot; 'If:/ , / ;;_/ ) brass endplates, 
bolted to chamber body over indium J ' rings; /2/ ) 
tungsten field emitter, spot-welded to nickel wire; 
,{;;j nylon holder for field emitter; /d brass back-plate 
) , ( ;. IY J 
'of emission chamber; ((gj brass grid- s~pport-ring, which 
.,.---) 
was a tight fit in back-plate; ~E/J griq( g/1 ; (i) grid l3,2; 
/jj , brass guard rings to maintain uniform electric fields 
between 32 and ~3'; lkl
1 
nylon insulating ring; (1) Frisch 
screening grid, (33 ; /.~,/, nylon tube to align electrode 
stack; }..';:/ , nylon sleeve to . insulate electrode connecting 
-82-
wires from chamber body; 14) brass collector; I~ brass 
guard ring for collector; w) nylon insulator; ~;./, nylon 
i body oi insert which was also drilled to accept a carbon 
resistance thermometer (not shown); /:}; one of the three 
spring-loaded bolts securing insert to endplate; l~/1 one !~¥'- F 
of two 2-pin meta t ; glass seals carrying electrical 
connections for collector and resistance thermometer; 
~/> 12-pin metal glass seal carrying electrical connections 
for the field-emitter, ,G1 ,g2 , guard rings for the main 
electric field, and. 83 ; ~41 nylon distance piece, bolted 
very loosely to component ~!!/ ' which tr~nsmitted the 
force of the springs around the bolts J/4, via components 
J:-1 , 1:4 , (!/> and N, to the ·electrode stack inside /n /. 
Block diagram of the electrical circuit used in 
making the time of flight measurements. The components 




Typical data recorded 
ti 
25xlO~Pa: the current i 
- c 
I 
for a temperature of O. tr~ and a pressure 
appearing at the collector is plotted 
. (with arbitrary origin) as ' a function of time t measured f rom the 
moment at which the gate was opened. The transient negative 
potential V applied to .the emitter was 1. $-v, and that VC\G c applied 
- ~ r ~~ 
to the first gr~d was 3%.~ the stopping potential, when the gate 
was shut, was lcjv. The emitter switching-off transient (Y of 
.i- h ~ :If -
figure Sb) occurred near !;..=SO°frs, and so is not visible in these 
results. For each of the individual pulses illustrated in the 
figure, the electric field E within the drift space, the number 
-
N of signals averaged, and the current represented by one 
division of the ordinate axis are given in table i . 
J 
Experimental ·values of the ionic drift ve locity:;,.. 
as a function of electric field ]..r showing the effects of 




Dependence of the pulse height i at the collector 
- c 
\.,. 
upon the electric field 3 between G2 and ,_9 3 , while 
" 
keeping all other parameter~ constant, for two temperatures 
T. Both sets of data were recorded with a pressure of 
-25 x·10 5 Pa. 
11. The drag on an ion moving through superfluid 4 H~ 
# '-../ 
at 0.3 'Jj_1 as a function of the average ionic velocity v. 
For comparison, the equivalent plot for an ion moving 
1f 
through normal (non-superfluid) 4He at 4. cyJS. is also shown, 
f -.......-
emphasizing the qualitative difference which exists 
between the two cases. It is clear that drag in the, 
superfluid sets in abruptly at a critica l velocity which 
is very close to the critical velocity for roton creation, 
_':L, predicted by Landau. 
\..... 
12. Critical dissipation for an object being drawn by 
i a constant force through superfluid 4He: its instantaneous 
I 
1 velocity vis plotted as a function of time t. \-
- . 
!)~ ) Whenever the object reaches a critical velocity _y1 ' 
given by (9) it emits a roton, dropping to the lower 
, . 
velocity ;t1 " given by (10) before accelerating once again 
to repeat the process. Its average velocity v 1 is - c 
given by (11) and, as will be seen in figure l~J~) ' is 
6 
/ 





'within % of vL unless the object has a mass less than 
-fl . I 
: 4 \.. l three He atomic masses. 
4..... . 
~(b) If, on the other hand, dissipation occurred through 
- .. 
two-roton emission events, then the amplitude and period 
1. 1 
of the w~veform would, as discussed in § 14(d), be 
-
approximately doubled: simultaneous emission of two 
rotons would occur every time the object teached a 
/'.'. 
critical velocity v 2 • given by (35); its final velocity 
-
would be v 2 " given by ( 3 6) i 
y 2 , given by (37) ·~ will be c (_"l 
and its average (flocity 
seen in figure 13~\ to be 
within 1% of y,L' provided that the object has a mass 
' greater than s'1x 4He atomic masses . . 
j (' 
13. Critical dissipation: influence of the mass m of the 
\ 
moving object, determined by solving (13) and (38), where 
;; 4 is the 
4He atomic mass. 
C (a) Plots of the critical_instantaneous velocities _v 1 ', 
and ~~2 • required respectively for single-roton and two-
roton emission events, and of the consequent final 
r 
velocities v 1 " and ~2 ". All four characteristic velocities 
-tend to the Landau critical velocity v 
.,. L 
large mass. 
in the limit of 
/ (fl. 
t (b) The resultant average velocities v J andj 2 which ' Cl C 
. . J 
14. 
would be measured experimentally for critical dissipation 
through single-roton and two-roton emission processes 
respectively. Except for very light objects, the average 




Supercritical dissipation through single-roton 






~!.....~i as a function of time t: 
I 
(a) for relatively weak electric 
-
fields 3 1 such that the average final ionic velocity _'{,f 1 
r-- I~.{' 
is less than the critical instantaneous velocity ~1 • 
required for single-roton creation; (b) for stronger 
-
electric fields such that _;!f1 >y1 '. ":~~)> 
' .. ; -·'' 
i./ 
It is assumed that, for any given value of E, the ion 
-
continues to accelerate for an average time T1 after ("' 
I 
' vl !- has been exceeded, before the roton is emitted. ti""' ~ In r; (b) it is always the case that .J.>~1 ' , and so T 1 
starts being measured from the moment at which the previous 
roton was~created. As discussed in the text, the 
' amplitud~~'!rl /.l.. o~ the sawtooth may to a good 
approximation be regarded as independent of E. 
Compari~on of some of the experimental data with 1 Ft~\ffi£ ls. 
· 
- t_:-\l I (26), plotting the measured ionic drift velocity v 
.
1 
against the (electric field, J-l(/: an attempt h : been 
made to draw a straight line through the data,intersecting 
the velocity axis at ..,Y,L• Ev~n~ allowing for a possible 
I. ~ 
systematic error of 31ij (see E! ' ~ )) in the values of ~' l ! 
the data are clearly inconsistent with (26), which was 
I deriv.ed on the assumption of dissipation through single-' 
roton emission. 
·16. Supercritical dissipation through two-roton emission. 
The ionic instantaneous velocity v is plotted as a function 
. .,.,.. 
of time t: (a) for relatively weak electric fields E, such 
. ..,-- - ......,,... 
that the average final ionic velocity .1!f.2 is less than the 











J LJ::r of a pair of rotons; (b) for stronger electric fields 
-
spch that _;r~ >v2 '. 
. ~ 
c:~t is assum~d that, for any given value of E, the ion 
continues to accelerate for an average time 12after 
0 
,;::.~ • has been exceeded, before the rotons are emitted . 
.,,.., 
In (b) it is always the case that !>~2 ·, and so T2. 
r, 
starts being measured from-~he moment at which the 
previous pair of rotons were created. 
f\G.sl"U[ r 17. C,. Comparison of some of the experimental data with ::::::---=- .___,.... ' 
{ 
l j .))f L~ l 
(51), plotting the measured ionic drift velocity v 
against the (electric field, _3)01 , for two tem;~~tures. 
The straight lines represent least-squares fits of the 
i data to the equation, treating_ y;{ as though it were an 
\ adjustable parameter. \ I/ ..u-
1 · ::tLJ ·lt 0 .I} I t:J(~ ) Fitting the 0.3 t / data within 5<E<20r Jt-l we obtain ~ 
I 
i the line /l 
f I JI' :- ~ 46.26 +11'0 . 149 ilfl , 
f where V is in i s-l d E · · 'in-l I Cl!J:l F ~ting the O. 4 ~ :at: 8 w::hin 5 :E <~O;;.- l we obtain 
~ = 46.10 + 0.146 !~ 
In each case the intercept agrees with the l lue of ::L 
calculated from the roton parameters (45.6 1\-l) to 
well within the possible systematic experimental error 
,..._ ' 
of ± 3)%. 
i 
As discussed in the text, there are 
theoretical reasons for expecting deviations from the 
straight line in the limits of high and low electric 






which was derived on the assumptions of d issipatiun 
through two-roton emission, over a wide range of E. 
-r 
....__......- A portion of the averaged measurements of the drift 
velocity v plotted against (electric field, E)h/ f for ~ - ~ 
large values of E. · The full curve represents (51) 
fitted to the data at smaller values of E, and the 
-· dashed curves represent the ~orm taken by (58) for 
various ionic masses,~~· The error bars, refurring to the 
J 
average scatter on the unaveraged values of v, are to 
give some indication of the reliability of the data. 
' The ef f ect of pressur~ Pon the Landau critical 
0 -
velocity for roton creation j L; The expe r imental 
c,,1 
values obtained by fitting data to (51) have been 
normalized by dividing by the value found for 25 x 105 Pa: 
this procedure eliminates the effect of the uncertainty 
~-
of ± r ~% in their absolute values. The full line has 
been calculated from accepted values (Donnelly/ 1 ~7-2) 
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